Novel regulators of trafficking in the yeast Golgi-endosomal system by Gravert, Maike
Novel regulators of trafficking in the yeast
Golgi-endosomal system
A dissertation submitted to the
Technical University of Dresden
For the degree of
Doctor rerum naturalium
In Biology
Presented by
Maike Gravert
Max-Planck Institute of Molecular Cell Biology and Genetics
1st reviewer: Prof. Dr. Bernard Hoflack
2nd reviewer: Dr. Christiane Walch-Solimena
3rd reviewer: Prof. Dr. Gabriele Fischer von Mollard
2I. Declaration
I herewith declare that I have produced this paper without the prohibited assistance of
third parties and without making use of aids other than those specified; notions taken over
directly or indirectly from other sources have been identified as such. This paper has not
previously been presented in identical or similar form to any other German or foreign
association board.
The thesis work was conducted from 01.05.2002 to 29.5.2006 under the supervision of
Dr. Christiane Walch-Solimena at the Max-Planck Institute of Molecular Cell Biology
and Genetics in Dresden, Germany.
3II. Acknowledgements
First I would like to thank Dr. Christiane Walch-Solimena for having given me the
opportunity to work in her lab, for inspiring scientific discussions and for all her help and
support over the last four years. I would also like to thank the members of my thesis
advisory committee Prof. Dr. Kai Simons and Prof. Dr. Bernard Hoflack for sharing their
time and expertise. Furthermore I am particularly grateful to Prof. Dr. Gabriele Fischer
von Mollard, Prof. Dr. Bernard Hoflack and Dr. Christiane Walch-Solimena for
reviewing this thesis.
Many thanks to Peggy Hsu, Tomek Proszynski, Robin Klemm, Dr. Christiane Walch-
Solimena and Prof. Dr. Kai Simons for the nice collaboration on the visual screen project.
I would also like to thank Bianca Habermann for helping with bioinformatical problems
and Anna Shevchenko for support with mass spectrometry. Furthermore I am grateful to
Prof. Dr. Matthias Peter and his group for allowing me to use their Biomek workstation
and for the very friendly welcome to the lab. Special thanks to Marc Sohrmann for all his
help with the robot and the screening procedure.
Furthermore I am grateful to my present and former colleagues Lars Demmel, Yvonne
Gloor, Christian Klose, Mario Schöne, Ebru Ercan, Lin Zhu, Mike Beck and Peggy Hsu
for sharing reagents, for the nice atmosphere in the lab and for all the fun we had
watching movies, talking about documentaries that Lars has watched on TV, having
crazy lunchtime discussions, sharing 8 hours of desperate nonstop-canoeing in
Spreewald, going bowling etc…Special thanks to Lars for the collaboration on the Gga2p
project and to Mario for his assistance with some of my experiments. I would also like to
acknowledge everybody who made life-outside-the-institute a lot of fun, especially Anne
for sharing various sports activities, Matthias for introducing me to the art of saxophone
playing and for laughing so much with me and Yvonne M. and “Wiesi” for sharing many
hours exploring Dresden on horse-back and for never giving up hope that I might one day
be able to learn Saxon dialect. I am particularly grateful to my parents for all their love
and support and finally all my love to Sebastian: thanks for being at my side and always
believing in me.
4III. ABSTRACT
Over the past few years a large amount of work has provided growing insight into the
molecular mechanisms that direct post-Golgi trafficking events in the budding yeast
Saccharomyces cerevisae.  However, a key event in this process, the formation of
secretory vesicles at the Golgi and sorting of cargo into these transport carriers, remains
poorly understood. It has been demonstrated that phosphatidylinositol 4-phosphate
(PI(4)P) generated by the PI(4)-kinase Pik1p plays an essential role in maintenance of
Golgi secretory function and morphology.  Up to now relatively few targets of
Pik1/PI(4)P signaling at the Golgi have been identified and it thus remains elusive how
Pik1p mediates its essential function in Golgi secretion.
During my thesis work, I used synthetic genetic array analysis (SGA) of a temperature-
sensitive mutant allele of PIK1 (pik1-101) in order to gain better understanding of Pik1p
function at the TGN and to isolate new regulators of post-Golgi transport in yeast. I
identified a total of 85 genes, whose deletion resulted in a synthetic growth defect when
combined with the pik1-101 mutation. 21 isolated deletion mutants were used for further
analysis, several of which were found to share common trafficking phenotypes with the
pik mutant. A striking result of the screen was the finding that Pik1p interacts genetically
with several components of a potential post-translational modification pathway referred
to as “urmylation pathway”.  In addition, a novel, previously uncharacterized subunit of
the Transport protein particle (TRAPP) complex was isolated as genetic interactor of
Pik1p, suggesting a function for the TRAPP complex in a Pik1p dependent trafficking
pathway. Using tandem affinity purification, I could also demonstrate that TRAPP shows
previously unknown interactions with other regulators of post-Golgi transport.
The second part of this thesis describes the development of a new visual screening
approach. Recent work indicates that secretory cargo in yeast can be transported to the
cell surface via at least two different exocytic branches. Upon block of one pathway
cargo can be partially redistributed into the other pathway. This partial redundancy of
5exocytic pathways provides one explanation why genetic screens in the past were largely
unsuccessful in identifying the molecular machinery that directs vesicle budding and
cargo sorting at the TGN. I collaborated in the development of a novel screening method
that was devised to circumvent this problem. The method took advantage of the
systematic yeast knockout array and was based on the assumption that a defect in cargo
sorting and cell surface transport could be detected as intracellular accumulation of a
GFP-tagged model cargo. The suitability of our approach for identifying regulators of
secretory transport has been demonstrated in a small-scale pilot study that will be
presented in this thesis. The screening method proofed to be applicable on a genome-
wide scale and can now be used for the screening of additional markers. This novel
approach provides an entry point to the comprehensive study of TGN sorting.
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91. Introduction
1.1. Preface
Membrane trafficking events are the basis for many important functions in eukaryotic
cells, for example cell growth and the establishment of cell polarity. Lipids and proteins
are transported along a complex network of trafficking routes that interconnect different
membrane-enclosed compartments. The biosynthetic-secretory pathway transports cargo
from the ER to the plasma membrane or to the lysosomal/vacuolar system. The endocytic
pathway transports material from the cell surface to destinations inside the cell. Both
pathways are balanced by retrieval or recycling pathways. Proper function of these
transport processes and the maintenance of compartment identity require the selective
sorting of cargo into transport vesicles. These vesicles bud off from a specific donor
compartment and are targeted to the membrane of the appropriate acceptor organelle (for
review see (Mellman and Warren, 2000)). Over the last 50 years major progress has been
made in understanding the general principles behind membrane trafficking and in
identifying the molecular mechanisms underlying these processes. The following
paragraphs will focus on current knowledge of post-Golgi membrane trafficking in the
budding yeast Saccharomyces cerevisae.
1.2. Post-Golgi transport routes in yeast
1.2.1. Secretory trafficking and vacuolar sorting pathways
The Golgi-apparatus, located at the center of a complex membrane trafficking
network, functions as the major processing and sorting station in the cell. Proteins that are
synthesized on ribosomes at the Endoplasmic reticulum (ER) are transported to the Golgi,
where their carbohydrate side chains are extensively modified. In the trans-Golgi network
(TGN) cargo molecules are sorted into different transport vesicles and either send to the
plasma membrane or to the vacuole (Gu et al., 2001). A major breakthrough in
understanding the mechanisms of secretory transport was achieved 25 years ago when
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Randy Schekman and Peter Novick performed a genetic screen for yeast mutants defective
in transport of secretory enzymes. They identified 23 mutants (“sec mutants”) that blocked
transport at different steps along the secretory pathway. The according genes are referred
to as “SEC genes”(Novick et al., 1980; Novick and Schekman, 1979). Early in the cell
cycle, polarized transport is directed to the bud tip. Delivery of secretory vesicles to the
plasma membrane requires the type V myosin motor Myo2p, which moves the vesicles
along a polarized actin cytoskeleton (Bretscher, 2003). SEC4 encodes for a small Rab-
GTPase that is required for polarized transport of secretory vesicles to sites of exocytosis.
Sec2p functions as a guanine nucleotide exchange factor (GEF) for Sec4p (Walch-
Solimena et al., 1997). Sec4p in its active GTP bound form localizes to the membrane of
secretory vesicles where it interacts with Sec15p, a component of an evolutionary
conserved multisubunit tethering complex called the exocyst. The exocyst consists of eight
subunits (Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p and Exo84p) and
functions in tethering of secretory vesicles to the plasma membrane (Lipschutz and
Mostov, 2002). All members of the exocyst are essential for viability except for Sec3p,
which is thought to serve as a landmark for sites of exocytosis. During polarized growth,
secretory transport is directed to the bud tip. Loss of Sec3p function results in decreased
spatial control of secretion (Wiederkehr et al., 2003). It has recently been suggested that
all exocyst subunits (apart from Sec3p and part of the Exo70p pool) assemble on secretory
vesicles before they move to the plasma membrane. Once the vesicles reach the site of
exocytosis, the assembled exocyst subunits interact with Sec3p and Exo70p on the plasma
membrane thereby tethering vesicles for fusion (Boyd et al., 2004). The exocytic fusion
complex in yeast consists of the vesicular SNARE Snc1/2p (synaptobrevin
homolog)(Protopopov et al., 1993), the target SNAREs Sso1/2p (syntaxin homolog)(Aalto
et al., 1993) and Sec9p (SNAP-25 homolog)(Brennwald et al., 1994). Sec1p, which binds
to the assembled SNARE complex, is thought to stimulate membrane fusion (Carr et al.,
1999; Scott et al., 2004a). SNARE complex disassembly after fusion is mediated by the
action of Sec18p (homolog of mammalian NSF) (Grote et al., 2000).
Biosynthetic transport from the TGN to the yeast vacuole occurs via two different
routes, the Carboxypeptidase Y (CPY) and the alkaline phosphatase (ALP) pathways. The
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CPY pathway is the main route and involves transport through the late endosome, which
in yeast is referred to as prevacuolar compartment (PVC). Several vacuolar hydrolases,
like Carboxypeptidase Y (CPY), Carboxypeptidase S (CPS) and proteinase A (prA) are
known to follow this pathway. Transport along the CPY pathway is accomplished by a set
of genes referred to as VPS genes (vacuolar protein sorting genes). Up to now a total of 61
VPS genes have been identified in several genetic screens. The CPY pathway is thus the
best characterized biosynthetic pathway. A common feature of all vps mutants is the
secretion of CPY due to missorting of the hydrolase to the cell surface. Based on the
morphologies of their vacuoles, vps mutants are divided into 6 classes (A-F). Of particular
interest are the class E mutants, which trap cargo delivered from the Golgi or from the cell
surface in an aberrant, enlarged late endosomal compartment, called the “class E
compartment”. These mutants are frequently used as tools to study transport through late
endosomes. The ALP pathway, which bypasses endosomes, is known to transport the
membrane-bound hydrolase ALP as well as the SNAREs Vam3p and Nyv1p. Transport
along this pathway depends on Vps41p and the adaptor protein-3 (AP3), which is also
known to be required for sorting of certain lysosomal enzymes in mammalian cells
(reviewed in (Bowers and Stevens, 2005; Burd et al., 1998).
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Figure 1 Biosynthetic transport routes in S. cerevisiae
The cartoon gives an overview of biosynthetic transport routes in yeast. Biosynthetic cargo synthesized at
the ER gets transported to the Golgi where it is extensively modified. The TGN functions as a sorting
station that directs cargo either to the plasma membrane or to the vacuole.  Transport to the vacuole occurs
either via the CPY pathway, traversing through the PVC, or via the ALP pathway that bypasses endosomes.
Vacuolar trafficking is regulated by a large group of VPS genes, whereas secretory transport requires the
function of SEC genes, such as SEC2 and SEC4, which are responsible for polarized transport of secretory
vesicles to sites of exocytosis. The exocyst complex is required for tethering of vesicles to the plasma
membrane. Fusion is mediated by the v-SNAREs Snc1/2p and the t-SNAREs Sso1/2p. The regulation of
cargo sorting and vesicle budding at the TGN is poorly understood. Known regulators of Golgi exit are
indicated (light blue). For details on these genes see paragraph 1.5.
1.2.2. Two exocytic branches to the cell surface
It has recently been suggested that secretory cargo in yeast reaches the cell surface
via at least two different exocytic branches. The model was based on the finding that S.
cerevisiae sec1, sec4 and sec6 mutants, all of which almost completely block post-Golgi
transport, accumulate two different classes of ~100 nm secretory vesicles that differ in
density and in the cargo they transport. The two vesicle populations are referred to as
“high density secretory vesicles” (HDSVs) and “low densitiy secretory vesicles” (LDSVs).
Enzymatic assays revealed that LDSVs, which comprise the main population of secretory
vesicles, contain the major plasma membrane ATPase Pma1p as well as Bgl2p, an
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endoglucanase, which is a component of the cell wall. HDSVs in turn have been found to
contain the periplasmic enzymes invertase and acid phosphatase. In addition exoglucanase
activity has been found in both vesicle populations (Harsay and Bretscher, 1995). The
presence of two pools of secretory vesicles suggests that exocytic cargo can reach the cell
surface by more than one pathway. To further test this hypothesis, gradient fractionation
experiments were performed using sec6 mutants, which in addition were defective in one
of several genes involved in TGN to vacuole transport via the PVC, like VPS1 (yeast
dynamin homologue), PEP12 (endosomal t-SNARE) or VPS4 (required for formation of
vesicles from endosomes). These mutants were found to accumulate invertase in light
vesicles rather than in dense vesicles. Electron microscopy revealed that no vesicles were
apparent in the fractions corresponding to HDSVs, suggesting that their biogenesis was
abolished in the mutants. Production of dense vesicles was also blocked in cells carrying a
point mutation in the clathrin heavy chain gene CHC1, indicating that clathrin is involved
in the formation of HDSVs. In agreement with this, immunoisolated clathrin-coated
vesicles from wildtype cells contained invertase but not Pma1p, the cargo of LDSVs.
Mutants that block the ALP pathway, which bypasses endosomes, sorted invertase
properly into dense vesicles. Based on these studies it was suggested that at least two
different exocytic branches exist in yeast cells. The model proposes that HDSVs transport
a subset of exocytic cargo to the cell surface via an endosomal compartment. This route
depends on clathrin and Vps1p and partially overlaps with the CPY pathway to the
vacuole. The endosome would function as an additional sorting station to sort vacuolar
hydrolases away from exocytic cargo. In the second secretory branch cargo is transported
in LDSVs, which seem to reach the plasma mebrane via a direct route. This pathway is
regarded as the main route to the cell surface as the cargo identified for the indirect
pathway is only needed under certain physiological conditions (e.g. invertase under low
glucose conditions) (Gurunathan et al., 2002; Harsay and Schekman, 2002). As both
populations of secretory vesicles accumulate in sec1, sec4 and sec6 mutants, it is likely
that both branches require function of the Exocyst complex and the Snc1/2p, Sso1/2p
SNARE complex for exocytosis. The molecular machinery responsible for sorting cargo
into the two pathways at the Golgi instead remains unknown.
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Figure 2   Two exocytic branches to the plasma membrane
Model depicting the two presumptive exocytic branches in S. cerevisae. sec6 mutants accumulate two
populations of secretory vesicles. LDSVs contain the plasma membrane ATPase Pma1p and the
endoglucanase Blg2p. HDSVs transport the periplasmic enzymes invertase and acid phosphatase. In the
sec6 mutant background loss of PEP12, CHS1 or VPS1 abolishes the production of HDSVs and leads to a
shift of invertase into LDSVs (shown in green). It was therefore suggested that HDSVs are transported to
the plasma membrane via an indirect route through late endosomes. LDSVs are thought to reach the cell
surface in a direct manner. In this model the endosome would function as an additional sorting station,
separating exocytic cargo from vacuolar cargo.
1.2.3. The yeast endosomal system
Endosomes are located at the intersection of the biosynthetic and endocytic
trafficking pathways. They are involved in several important transport steps within
eukaryotic cells including uptake of nutrients into the cell, downregulation of cell surface
receptors or ion channels by internalization and recycling of internalized cargoes to the
plasma membrane and of Golgi resident proteins to the TGN. S. cerevisiae contains two
classes of endosomes, each of which is defined by the presence of a specific t-SNARE: a
tubular-vesicular early endosomal compartment called post-Golgi endosome (PGE), which
is positive for the t-SNARE Tlg2p and a late endosomal compartment called prevacuolar
compartment (PVC) or prevacuolar endosome (PVE), which is positive for the t-SNARE
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Pep12p. In how far the PGEs and PVCs/PVEs correspond to early and late endosomes in
higher eukaryotic cells is unclear (Pelham, 2002). The default route for endocytosed
material in yeast leads to the vacuole, an acidic, degradative organelle, which is the
equivalent of the mammalian lysosome (Bryant and Stevens, 1998).
1.2.4. Multi-vesicular body sorting
Biosynthetic cargo en route to the vacuole as well as internalized membrane
proteins, such as cell surface receptors, which are destined for degradation in the vacuole
are sorted into the multi-vesicular body pathway. PVEs have the ability to convert into
multi-vesicular bodies (MVBs) by membrane invagination forming numerous luminal
vesicles. MVBs fuse with the vacuole thus delivering the content of their internal vesicles
into the hydrolytic lumen of this organelle (Lemmon and Traub, 2000; Odorizzi et al.,
1998). Sorting into the MVB pathway requires the function of all 17 currently known class
E Vps proteins, a subgroup of which assemble into four complexes called Vps27p-Hse1p
complex (Bilodeau et al., 2002), ESCRT-I (endosomal complex required for transport-I;
consisting of Vps37p, Vps28p and Vps23p) (Katzmann et al., 2001), ESCRT-II (Vps22p,
Vps25p and Vps36p) (Babst et al., 2002b) and ESCRT-III (Vps2p, Vps20p, Vps24p and
Vps32p/Snf7p) (Babst et al., 2002a). Entry into the degradative pathway must be highly
regulated, because only a subset of internalized cargoes are destined for transport to the
vacuole while others recycle back to the plasma membrane. One signal for sorting into
MVBs is the presence of ubiquitin on the cargo molecule (Katzmann et al., 2001; Reggiori
and Pelham, 2001; Urbanowski and Piper, 2001). However, alternative signals for entry
into this pathway seem to exist (Reggiori and Pelham, 2001).
The four protein complexes are sequentially recruited from the cytosol to the
membrane of the MVB. The endosomal membrane contains phosphatidyl inositol 3-
phosphate (PI(3)P) generated by the PI3 kinase Vps34p. PI(3)phosphate recruits the
Vps27-Hse1p complex that binds to ubiquitinated cargo and recruits ESCRT-I which in
turn recruits ESCRT-II and ESCRT-III. ESCRT-I and ESCRT-II also recognize
ubiquitinated cargo. ESCRT-III is associated with the remaining class E Vps proteins,
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among them Vps31p/Bro1p and Vps4p. Vps31p/Bro1p is known to recruit Doa4p, a de-
ubiquitinating enzyme that removes ubiquitin from cargo prior to its internalization into
the lumen of the MVB. Vps4p disassembles the ESCRT complexes and releases them
back into the cytosol after the forming vesicle pinched off into the lumen of the MVB
(Hurley and Emr, 2006b). All Vps class E proteins are conserved from yeast to mammals
except for Vps37p. A function for some of the mammalian homologues in lysosomal
transport has been demonstrated. Several questions concerning the MVB-pathway still
remain open. It is for example unknown how non-ubiquitinated cargo is sorted into the
lumen of MVBs. It also remains elusive by which mechanisms invagination of the
membrane and pinching off of the formed luminal vesicles are achieved (Raiborg et al.,
2003).
   Figure taken from (Hurley and Emr, 2006a)
Figure 3 Multi vesicular body sorting
Sorting into the mulitvesicular body pathway requires the action of four protein complexes. The Vps27-
Hse1p protein complex binds PI(3)P on endosomal membranes via its FYVE domain and ubiquitinated
cargo (e.g. CPS) via its ubiquitin-interacting motifs (UIMs). The three ESCRT complexes are then
sequentially recruited onto the membrane. ESCRT-I and ESCRT-II recognize ubiquitinated cargo via the
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UEV (ubiquitin E2 variant) domain of Vps23p and the NZF (Npl4 zinc finger) domain of Vps36p
respectively. ESCRT-III is associatied with accessory factors. Bro1p recruits the de-ubiquitylation enzyme
Doa4p that removes ubiquitin from cargo. Vps4p catalyzes the disassembly of the ESCRT complexes.
1.2.5. Retrieval pathways
Internalized cargo, which is not destined to the lysosome/vacuole for degradation,
is recycled back to the plasma membrane for re-use. Examples are the transferrin receptor
in mammalian cells and ligand-bound Ste3p a-factor receptor in yeast (Chen and Davis,
2000; Maxfield and McGraw, 2004). In mammalian cells recycling to the cell surface
occurs either from the early endosome or from the recycling endosome (Maxfield and
McGraw, 2004). In yeast, recycling to the cell surface is accomplished via an indirect
route. Internalized cargo passes through the PGE (early endosome) and is retrieved to the
TGN where it re-enters the secretory pathway. Recycling cargo molecules trafficking via
this route include the chitin synthase Chs3p, the v-SNARE Snc1p, ligand-bound Ste3p a-
factor receptor, and a fraction of the a-factor transporter Ste6p (Chen and Davis, 2000;
Holthuis et al., 1998; Lewis et al., 2000; Losko et al., 2001; Ziman et al., 1996).
The chitin synthase Chs3p produces the major part of cellular chitin, an essential
structural cell wall component. Chs3p is delivered to the cell surface at certain stages of
the cell cycle. During the remaining time it is contained in endosomal-like compartments
which exhibit characteristics of both the TGN and early endosomes and are referred to as
chitosomes (Chuang and Schekman, 1996; Santos and Snyder, 1997; Ziman et al., 1996).
Retrieval of Chs3p from the chitosome to the Golgi has been shown to depend on the
clathrin adaptor AP1 (see paragraph 1.6.1. for further description of adaptor) and thus
might be mediated by clathrin-coated vesicles (Valdivia et al., 2002). Transport of Chs3p
to the cell surface requires the function of the Golgi localized proteins Chs5p and Chs6p
(Santos and Snyder, 1997; Ziman et al., 1998) as well as the yeast Rab 11 homologue
Ypt32p (Ortiz and Novick, 2005). At the end of the cell cycle, Chs3p is re-endocytosed
from the cell surface and recycled back to chitosomes for reuse in the next round of cell
division. Recycling of the exocytic v-SNARE Snc1p was found to depend on the
TGN/early endosomal t-SNAREs Tlg1p and Tlg2p (Lewis et al., 2000) as well as the
sorting nexins (Snx) Snx4p, Snx41p and Snx42p. Members of the sorting nexin family
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contain a phox homology (PX) domain which is a PI(3)P binding module. Snx4p, Snx41p
and Snx42p are localized to endosomes in a PI(3)P dependent manner (Carlton et al.,
2005; Hettema et al., 2003).The precise molecular mechanism by which these proteins act
in Snc1p transport remains to be identified. Snc1p retrieval was found to be independent
of AP1 (Lewis et al., 2000). This finding led to the hypothesis that Snc1p and Chs3p might
be retrieved from the early endosome via different routes, which is supported by the
observation that Chs3p in contrast to Snc1p does not require Tlg2p for proper recycling to
the TGN (Valdivia et al., 2002).
Cargo retrieval does not only occur from the PGE but also from the PVC. Resident
Golgi proteins need to be retrieved from PVCs in order to ensure their steady state
localization to the TGN. Examples in yeast are Kex1p, Kex2p and dipeptidyl
aminopeptidase A (DPAP A), three integral membrane proteins of the Golgi, which are
involved in processing of the mating pheromone α-factor (Bryant and Stevens, 1997;
Cooper and Bussey, 1992; Roberts et al., 1992; Wilcox et al., 1992). Another cargo of this
pathway is Vps10p, the sorting receptor for soluble vacuolar hydrolases. Vps10p cycles
continuously between the TGN and the PVC and functions in an analogous way to the
mannose-6-phosphate receptors (MPR) in mammalian cells (Cooper and Stevens, 1996).
Retrieval from the PVC to the TGN is dependent on aromatic amino acid-based sorting
signals within the cytosolic domains of cargo proteins (Bryant and Stevens, 1997;
Cereghino et al., 1995; Cooper and Stevens, 1996; Nothwehr et al., 1993; Wilcox et al.,
1992). These sorting signals interact with Vps35p, a subunit of a pentameric protein
complex called “retromer”, which has an important function in PVC to Golgi retrieval
(Nothwehr et al., 2000). Retromer is thought to be a vesicle coat and is build up from two
subcomplexes: the Vps35p-Vps29p-Vps26p subcomplex that is required for cargo
selection and the Vps5p-Vps17 dimer, which seems to promote vesicle formation (Seaman
et al., 1998). Vps5p and Vps17p both belong to the family of sorting nexins thus
containing a PX domain. As PI(3)P is the predominant lipid on endosomal membranes, it
is thought that retromer association with endosomes is at least partially achieved via
binding of the Vps5p and Vps17p PX domains to PI(3)P. Its mechanism of membrane
association is however not yet fully understood (Seaman, 2005). Retromer was originally
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identified in yeast but its subunits are highly conserved in mammalian cells and it has been
demonstrated that e.g. the retrieval of cation-independent MPR from the endosome to the
Golgi also depends on retromer (Arighi et al., 2004; Seaman, 2004).Besides retromer,
retrieval of some cargo from PVCs, including Kex2p and DPAP A but not Vps10p,
requires the function of Grd19p, another member of the sorting nexin family. The
mechanistic role of Grd19p in this process however remains elusive (Voos and Stevens,
1998). DPAP A and Kex2p have been found to contain a second transport signal that
slows down their exit from the TGN and has first been designated as a Golgi retention
signal (Brickner and Fuller, 1997; Bryant and Stevens, 1997). A more recent view
suggests that this second signal is rather required for cycling between the TGN and PGEs
and that DPAP A and Kex2p can accordingly cycle through both PVCs and the PGEs
(Valdivia et al., 2002).
In summary, cargoes that are recycled from the plasma membrane and Golgi-
resident proteins that are retrieved from endosomes to the TGN, are transported via two
distinct retrieval pathways, which are each regulated by a specific molecular machinery.
20
Figure 4 Different post-Golgi trafficking routes and the cargoes they transport
Scheme showing the presumptive anterograde and retrograde post-Golgi trafficking routes of different
cargoes. The vacuolar hydrolases CPY, CPS and prA are transported along the CPY pathway via the PVC.
ALP, Vam3p and Nyv1p are known cargoes of the ALP pathway. Internalized cargo bound for degradation
(e.g. the G-protein coupled receptor Ste2p) is transported to the vacuole via the MVB pathway. Invertase
reaches the cell surface via the indirect exocytic branch, wheras Pma1p is thought to be delivered via a
direct route. Chs3p and Snc1p cycle between the TGN and the plasma membrane via PGEs. The CPY
receptor Vps10p as well as the Golgi resident proteins Kex1p, Kex2p and DPAP A are retrieved from
PVCs. Kex2p and DPAP A have been suggested to additionally cycle between PGEs and the TGN.
1.3. Phosphoinositides in membrane trafficking
Phosphoinositides are derivatives of the phospholipid phosphatidylinositol (PI).
Mammalian cells contain seven known phosphoinositides that differ only in the
phosphorylation status of their inositol ring and were named PI(4)P, PI(5)P, PI(3)P,
PI(4,5)P2, PI(3,5)P2, PI(3,4)P2 and PI(3,4,5)P3 (De Matteis et al., 2005). In S.cerevisiae so
far only the presence of PI(4)P, PI(3)P, PI(3,5)P2 and PI(4,5)P2 could be clearly
demonstrated, whereas S.pombe has been shown to also contain PI(3,4)P2 and PI(3,4,5)P3
(Mitra et al., 2004). Phosphoinositides were originally found to function as second
messenger molecules in signal transduction pathways at the plasma membrane (Toker and
Cantley, 1997). It is now clear that they are also important regulators of membrane
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trafficking. Phosphoinositide levels are spatially and temporally regulated. The various
phosphoinositides are each localized to distinct membrane sites where they interact with
unique downstream effectors and their synthesis and turnover is regulated by a set of lipid
kinases and lipid phosphatases (Odorizzi et al., 2000).
1.3.1. Phosphatidylinositol 3-phosphate (PI(3)P)
Electron microscopy studies have demonstrated that in both mammalian cells and
yeast cells PI(3)P localizes to early endosomes and to intralumenal vesicles of MVBs. It
was also found within the yeast vacuole, where it is delivered for degradation (Gillooly et
al., 2000). In contrast to mammalian cells which contain three classes of PI(3) kinases,
S.cerevisiae possesses only a single PI(3)kinase called Vps34p  (Domin and Waterfield,
1997). Temperature sensitive vps34 mutant cells display a defect in protein sorting to the
vacuole at non-permissive temperature, indicating a role for PI(3)P in vacuolar
transport(Stack et al., 1995). Membrane recruitment and activation of Vps34p is mediated
by the serine/threonine protein kinase Vps15p (Stack et al., 1995; Stack et al., 1993). Two
PI(3)P-binding domains are known to be involved in recruitment of effector molecules to
PI(3)P containing membranes: the FYVE-domain and the PX-domain (Cullen et al., 2001).
Examples for yeast endosomal proteins bearing a FYVE-domain are Vac1p, the structural
homologue of mammalian early endosome antigen 1 (EEA1) and Vps27p, a protein
involved in MVB sorting (Odorizzi et al., 2000). The PX domain is a hallmark of proteins
of the sorting nexin family (Carlton et al., 2005). It is however also present on other
proteins such as the vacuolar t-SNARE Vam7p (Cullen et al., 2001).
1.3.2. Phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2)
PI(3,5)P2 is generated from PI(3)P by the action of the PI(3)P 5-kinase Fab1p,
which at the same time is  a FYVE-domain carrying effector of PI(3)P. Conversion of
PI(3)P to PI(3,5)P2 terminates PI(3)P signaling. Cells lacking Fab1p function exhibit
dramatically increased vacuoles with reduced hydrolytic activity and defective vacuole
inheritance (Efe et al., 2005; Odorizzi et al., 2000). PI(3,5)P2 thus seems to play an
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important role in the maintenance of various aspects of normal vacuole function. fab1Δ
cells also fail to deliver cargo to the lumen of the vacuole and rather transport it to the
limiting membrane of this organelle, indicating a defect in MVB sorting (Odorizzi et al.,
1998). Vacuole size control seems to be absolutely dependent on Fab1p function as a fab1
mutant that synthesizes only 10% of wildtype PI(3,5)P2 levels is functional in MVB
sorting but still shows enlarged vacuoles. Mutant cells with an increase in PI(3,5)P2 levels
in contrast contain fragmented or shrunken vacuoles. Fab1p function is regulated by two
activators, Vac7p and Vac14p, and mammalian homologues of Fab1p (PIKfyve) and
Vac14p (hVac14/ArPIKfyve) are also involved in size control of  lysosomes. Turnover of
PI(3,5)P2 in yeast is achieved by the lipid phosphatase Fig4p. A recently identified
PI(3,5)P2 effector, Svp1p (=Atg18p), localizes to the limiting membrane of the vacuole in
a Fab1p-dependent manner and seems to be required for membrane recycling from that
organelle. Putative effectors of PI(3,5)P2 include the mammalian protein mVps24 and the
yeast proteins Ent3p and Ent5p. These proteins are components of the MVB sorting
pathway, suggesting a function of PI(3,5)P2 in this pathway (reviewed in (Efe et al.,
2005)).
1.3.4. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
PI(4,5)P2 is a relatively abundant phospholipid that is enriched in the plasma
membrane of eukaryotic cells. In yeast, PI(4,5)P2 is generated from PI(4)P by a single,
essential PI(4) 5-kinase, Mss4p, which localizes to the plasma membrane in a manner
depending on its phosphorylation by casein kinase I (Audhya and Emr, 2003). It has been
demonstrated that PI(4,5)P2 plays an essential role in endocytosis and maintenance of actin
cytoskeleton organization and a large number of downstream effectors have been
identified, many of which carry a PI(4,5)P2-binding module such as a Pleckstrin homology
(PH) domain (Cozier et al., 2004; Lemmon, 2003).  According to the function of PI(4,5)P2
in actin cytoskeleton organization, the group of PI(4,5)P2 effectors, identified in different
biological systems, includes many proteins involved in this process, such as gelsolin,
cofilin, the Arp2/3 activator, WASP etc. (Takenawa and Itoh, 2001).
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In yeast, Mss4p generated PI(4,5)P2 has been shown to recruit the Rho1 GTPase
exchange factor Rom2p via its PH domain. Rom2p activates the Rho1p and Rho2p
GTPases which signal to downstream effectors and thereby regulate processes such as
actin polarization, polarized secretion, endocytosis and cell wall biosynthesis (Audhya and
Emr, 2002; Cabib et al., 1998; deHart et al., 2003; Dong et al., 2003; Valdivia and
Schekman, 2003). Two other recently identified downstream effectors of PI(4,5)P2
signaling, Slm1p and Slm2p have been suggested to regulate actin cytoskeleton
organization by integrating signals from both the Mss4p and Tor2p signaling pathway,
which controls cell growth in response to nutrient conditions (Fadri et al., 2005). In
mammalian cells several proteins involved in endocytosis have been found to specifically
bind PI(4,5)P2. An example is AP180 (a brain specific CALM-homolog), which binds
PI(4,5)P2 via its ENTH-like domain and initiates the assembly of clathrin lattices in an in
vitro budding assay. The addition of the clathrin adaptor complex AP2, which binds to
both AP180 and PI(4,5)P2 results in the  formation of clathrin-coated pits (Ford et al.,
2001). In yeast, a temperature sensitive mss4 mutant was found to be defective in both the
uptake of the dye Lucifer yellow and in the uptake of α-factor pheromone, indicating
defects in fluid-phase endocytosis as well as receptor-mediated endocytosis (Desrivieres et
al., 2002).
1.3.5. Phosphatidylinositol 4-phosphate (PI(4)P)
In yeast PI(4) phosphate is generated by the action of three PI(4) kinases named
Lsb6p, Pik1p and Stt4p. Lsb6p is a nonessential protein, which has been localized to the
plasma membrane and to vacuolar membranes (Shelton et al., 2003). Its function has not
yet been extensively investigated. Pik1p and Stt4p in contrast are both essential for
viability and have been shown to generate two distinct pools of PI(4)P. Together these
two kinases produce at least 95% of total cellular PI(4)P. Stt4p localizes to the plasma
membrane and generates a pool of PI(4)P that is required for maintenance of vacuolar
morphology, cell wall integrity and  actin cytoskeleton organization (Audhya et al.,
2000). Subcellular fractionation and fluorescence microscopy revealed that localization
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of Stt4p to the plasma membrane depends at least partially on the presence of the protein
Sfk1p, although a pool of Stt4p also remains associated with the plasma membrane
enriched fractions in the absence of Sfk1p, indicating that additional factors are involved
in Stt4p localization. PI(4)P generated by Stt4p is further converted to PI(4,5)P2 by the
action of Mss4p. (Audhya and Emr, 2002). The second essential PI(4) kinase, Pik1p,
localizes to the TGN. A pool of Pik1p was also found in the nucleus. The temperature
sensitive mutant pik1-101 that contains a single point mutation within the C-terminal
catalytic domain shows a decrease in PI(4) kinase activity at the permissive temperature
and only residual kinase activity at the non-permissive temperature. Mutant cells exhibit a
partial block in secretion of the soluble cargo invertase, a delay in transport of CPY to the
vacuole and a block in the uptake of the dye FM4-64 at the level of the endosome. In
addition, these cells accumulate aberrant Golgi structures and display a defect in actin
cytoskeleton polarization. pik1-101 shows synthetic genetic interaction with almost all
known late acting sec mutants but not with genes acting in ER-to-Golgi transport. Taken
together, the phenotypes of the pik1-101 mutant indicate an involvement of PI(4)P
generated by Pik1p in secretory transport from the Golgi and in maintaining the structural
integrity of this organelle(Walch-Solimena and Novick, 1999). The function of the
nuclear pool of Pik1p remains elusive. A recent study however demonstrated that Pik1p
undergoes nucleocytoplasmic shuttling and that PI(4)P generated by Pik1p in the nucleus
is essential for viability. As Mss4p also traffics into the nucleus it was suggested that the
nuclear PI(4)P pool is converted to PI(4,5)P2 which then gets cleaved to give rise to IP3
and more highly phosphorylated IPxs derivatives that are involved in processes like
mRNA export, modulation of transcription and influencing telomere lengths (Strahl et al.,
2005). This hypothesis however is still speculative and awaits experimental support. The
same study also suggests that frequenin-1 (Frq1p), a small, N-myristoylated, Ca2+-binding
protein which is the only known physical interactor and activator of Pik1p, is involved in
localization of Pik1p to the Golgi (Strahl et al., 2005). TGN recruitment of the
mammalian homolog of Pik1p, called PI(4)KIIIβ,  has been shown to depend on the
small GTPase ADP-ribosylation factor (ARF). A direct interaction between ARF and
PI(4)KIIIβ could however not been demonstrated (Godi et al., 1999). Also in yeast there
is evidence for a functional interaction between Pik1p and Arf1p, as arf1Δ cells like pik1
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mutant cells display a decrease in the level of PI(4)P and a pik1-101,arf1Δ  double mutant
shows a synthetic lethal phenotype (Audhya et al., 2000; Walch-Solimena and Novick,
1999). Another interactor of PI(4)KIIIβ is the small GTPase rab11. GST-pull down
assays have demonstrated a physical interaction between PI(4)KIIIβ and rab11 and  it is
thought that binding to the kinase is required for proper localization of rab11 to the Golgi
(de Graaf et al., 2004). A physical interaction between Pik1p and the rab11 homologues
Ypt31p/32p in yeast has however not yet been demonstrated.
1.3.6. PI(4)P effectors in mammalian cells and yeast
Very little is known about the specific function of PI(4)P  in TGN to plasma
membrane transport, and only few effectors of PI(4)P have been identified up to now.
Mammalian EpsinR, a protein that is involved in clathrin-mediated transport from the
TGN, has been shown to bind PI(4)P via its ENTH domain. The protein is enriched in
clathrin-coated vesicles and binds to clathrin and the γ-appendage domain of the
heterotetrameric clathrin adaptor AP1, as well as to the appendage domains of the
monomeric clathrin adaptors GGA1 and GGA2. It has been suggested that EpsinR
promotes membrane curvature during clathrin coated vesicle formation at the TGN (Hirst
et al., 2003; Mills et al., 2003). The heterotetrameric clathrin adaptor AP1, which
functions in TGN to endosome transport, is also an effector of PI(4)P. It was shown that
RNAi of the mammalian PI(4) kinase PI4KIIα decreased the level of PI(4)P at the Golgi,
which in turn blocked association of AP1 with the TGN. In addition purified AP1 also
bound to PI(4)P(Wang et al., 2003).
Members of three mammalian protein families, namely FAPP1/2, OSBP and
GPBP have been shown to localize to the Golgi via their PH domains. Of these proteins
only OSBP has homologues in yeast (Lehto and Olkkonen, 2003). Localization of four-
phosphate-adaptor proteins 1 and 2 (FAPP1 and FAPP2) to the TGN in mammalian cells
has been demonstrated by both immunofluorescence and immuno-EM. The proteins
interact via their PH domain with PI(4)P and ARF and seem to be involved in the
formation of post-Golgi transport carriers. Cells in which FAPPs were knocked-down by
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treatment with siRNAs were defective in plasma membrane transport of temperature-
sensitive variant (ts045)-vesicular stomatitis virus G (VSV-G) and glycosaminoglycans.
When endogenous FAPP was displaced by high-level expression of FAPP-PH, long
ts045-VSV-G containing tubules extended from the Golgi and failed to detach from the
organelle. This indicates a role for FAPPs in fission of transport carriers from the Golgi
(Godi et al., 2004). Oxysterol-binding protein (OSBP) translocates from the cytoplasm to
the Golgi upon binding of  oxysterols, which are oxygenated derivatives of cholesterol.
The protein’s PH domain is sufficient for targeting to the Golgi apparatus (Levine and
Munro, 1998). Studies in yeast mutants that carried mutations in either of the
phosphoinositide kinases revealed that a mutation in Pik1p abrogates localization of the
OSBP PH domain to the Golgi apparatus (PHOSBP). The same phenotype was obtained for
the PH domains of FAPP1 and Goodpasture antigen-binding protein (GPBP), a protein
whose physiological roles remain unclear. This indicates that the localization of all three
proteins depends on binding of their PH domains to PI(4)P. Proper localization of PHOSBP
was also found to require Arf1p activity (Levine and Munro, 2002). The precise
molecular function of FAPPs, OSBPs and GPBP remains to be investigated.
Human CERT, another mammalian protein that can associate with the Golgi
apparatus via binding of its PH-domain to PI(4) phosphate, is a splicing variant of human
GPBP. CERT has been proposed to mediate transport of ceramide from the ER to the
Golgi in a non-vesicular manner (Hanada et al., 2003). S. cerevisiae contains seven OSBP
homologues referred to as Osh1-7p. None of these proteins alone is essential for viability
but deletion of all seven Osh proteins is lethal (Beh et al., 2001). Three of the seven
proteins, Osh1p, Osh2p and Kes1p/Osh4p like their human homologue have been shown
to localize to the Golgi via their PH domain (Levine and Munro, 2001; Li et al., 2002;
Roy and Levine, 2004). The function of the Osh proteins is poorly understood but they
have been implicated in bud formation, endocytosis and regulation of intracellular sterol
distribution (Beh and Rine, 2004). Inactivation of the KES1 gene has been shown to
bypass the need of the essential gene S E C 1 4  for cell growth. Sec14p is a
phosphatidylinositol/phosphatidylcholine (PC) transfer protein that is required for
secretory transport from the Golgi and has been suggested to downregulate the CDP-
choline pathway for PC biosynthesis. Kes1p is thought to negatively regulate Golgi
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secretory functions that are dependent on the action of Sec14p. This downregulation
might be triggered by interaction of Kes1p with PC (Fang et al., 1996). Kes1p
localization to the Golgi depends on the function of Pik1p and deletion of the KES1 gene
improves the viability of the temperature sensitive mutant pik1-101 at 35°C. Based on
this observation it was suggested that Kes1p might function as a Pik1p inhibitor (Li et al.,
2002).
1.3.7. Termination of phosphoinositide signaling
Termination of phosphoinositide signaling is achieved by a set of phosphoinositide
phosphatases. They have been much less extensively studied than the PI-kinases and their
precise cellular roles are thus less well understood. PI(4,5)P2 signaling is in part terminated
by the action of inositol-polyphosphate 5-phosphatases (Inp5). S. cerevisiae contains in
total four Inp5 proteins. Three of these enzymes show similarity to mammalian
synaptojanin and are therefore also referred to as synaptojanin-like proteins (Sjl). Similar
to synaptojanin, Inp51p/Sjl1, Inp52p/Sjl2 and Inp53p/Sjl3 contain a C-terminal 5-
phosphatase domain and an additional N-terminal Sac domain. The Sac domain appears to
be mostly a PI monophosphate phosphatase that shows activity towards PI(3)P and PI(4)P.
It also displays low activity towards PI(3,5)P2. It is thought that Inp51p, Inp52p and Inp53
fulfill partially overlapping functions. Their precise cellular roles are not yet entirely
understood (Odorizzi et al., 2000). Their potential sites of action are depicted in figure 5.
The fourth PI 5-phosphatases, Inp54p does not contain a Sac1 domain and has been
suggested to function at the ER (Wiradjaja et al., 2001). Two additional phosphoinositide
phosphatases, Sac1p and Fig4p, contain a Sac domain but no 5-phosphatase domain.
Sac1p is thought to be responsible for turnover of the PI(4)P pool generated by
Stt4p(Tahirovic et al., 2005), whereas Fig4p functions as PI(3,5)P2 phosphatase (Rudge et
al., 2004).
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Figure 5 Subcellular localization of phosphoinositides in yeast
The different phosphoinositides and enzymes are color-coded. Phosphatidylinositol (PI)-kinases are shown
in black and PI-phosphatases are indicated in red. The functional roles for the PI-phosphatases have not
been extensively characterized. They are depicted at their presumptive sites of action.  PI(4)P at the plasma
membrane serves as precursor for the generation of PI(4,5)P2. Sac1p has been found to primarily act on the
PI(4)P pool generated by Stt4p. As the majority of Sac1p localizes to the ER, it is thought that PI(4)P
generated by Stt4p is also present at this organelle. This model however needs to be experimentally
confirmed.
1.4. Sorting determinants for cell surface delivery
Although a large body of work over the past decade provided new insight into the
molecular mechanisms that direct post-Golgi membrane trafficking, a central step in this
process, the formation of transport carriers at the TGN and sorting of cargo into different
classes of vesicles, remains poorly understood. However, some sorting determinants for
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cell surface delivery and several genes regulating Golgi exit have been identified. These
will be introduced in the next paragraphs.
1.4.1. Involvement of lipid rafts in cell surface delivery
Lipid rafts are sphingolipid- and cholesterol-rich membrane domains that serve as
platforms for polarized sorting. Rafts are biochemically defined by their resistance to
solubilization in non-ionic detergents at 4°C, a condition that gives rise to detergent
resistant membranes (DRMs) (Magee and Parmryd, 2003). In polarized epithelial cells it
has been demonstrated that transport of certain cargoes to the apical plasma membrane
involves association with lipid rafts (for review see (Rajendran and Simons, 2005)).
Evidence has been provided that also yeast cells form lipid rafts, which are involved in
biosynthetic transport to the cell surface. In contrast to mammalian rafts yeast rafts
contain ergosterol instead of cholesterol (Bagnat et al., 2000). It has been demonstrated
that cell surface delivery of the major plasma membrane ATPase Pma1p depends on its
association with rafts. In lcb1-100 mutant cells, which are defective in sphingolipid
biosynthesis, Pma1p association was disrupted at non-permissive temperature and the
ATPase was missorted to the vacuole where it was degraded (Bagnat et al., 2001).
Another cargo whose surface transport depends on lipid rafts is the tryptophan permease
Tat2p. In erg6Δ mutant cells, which are defective in ergosterol biosynthesis, Tat2p is also
mistargeted to the vacuole (Umebayashi and Nakano, 2003).
1.4.2. O-Glycosylation as sorting determinant for cell surface delivery
In polarized epithelial cells both N-and O-glycosylation have been implicated in
sorting proteins to the apical membrane (Gut et al., 1998; Scheiffele et al., 1995;
Spodsberg et al., 2001; Yeaman et al., 1997). In yeast it has been shown that Fus1p, an
integral membrane protein involved in cell fusion during mating, depends on O-
glycosylation for cell surface delivery. This was concluded from the observation that in
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mutants lacking the mannosyltransferase Pmt4p, a protein involved in the initial step of
O-glycosylation, Fus1p is not glycosylated and accumulates in the late Golgi. Similarly,
chimeric marker proteins lacking an O-glycosylated sequence were not properly targeted
to the cell surface. Transport to the plasma membrane could however be restored when
amino-acid segments containing several potential O-glycosylation sites were added to the
fusion proteins (Proszynski et al., 2004).
1.4.3. Transmembrane domain length as sorting determinant for cell
surface delivery
Sorting of membrane proteins in the yeast secretory pathway has been reported to
partially depend on the length of their TMDs. This has been demonstrated by using the
ER t-SNARE Ufe1p as an example. Ufe1p is normally localized by an ER targeting
signal within its 16 amino acid TMD. Lengthening the Ufe1p TMD to 20 or 22 residues
resulted in mislocalization of the protein to the vacuolar/endosomal pathway. When the
TMD was further extended to 24 or more residues, Ufe1p was transported to the cell
surface. While ER targeting is sequence dependent, sorting to the cell surface did not
seem to require a specific amino acid sequence, however the amino acid composition
seemed to influence the sorting decision (Rayner and Pelham, 1997).
1.5. Genes involved in TGN exit
The molecular mechanisms of secretory vesicle formation and cargo sorting at the
Golgi are poorly understood. However a few genes have been found to be involved in
TGN exit. A key regulator of Golgi exit is the PI(4) kinase Pik1p that has been described
in detail in paragraph 1.3.5. Another protein that has been shown to play an important
role in protein transport from the TGN is Sec14p, the major phosphatidyinositol transfer
protein in S. cerevisiae. Sec14p transfers phosphatidylinositol (PI) or phosphatidylcholine
(PC) between membranes. It is thought that PC-bound Sec14p downregulates the CDP-
choline pathway, which generates PC at the expense of diacylglycerol (DAG). Evidence
has been provided that DAG positively regulates two ARF-GTPase-activating proteins,
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Gcs1p and Age2p, which in turn promote the vesicle budding reaction. Sec14p activity
thus generates a lipid environment in the TGN membrane that favours vesicle biogenesis
(reviewed in (Bankaitis et al., 2005; Routt and Bankaitis, 2004)).
Two members of the Ypt/rab family, Ypt31p and Ypt32p (rab11 homologues)
have also been implicated in the formation of transport vesicles at the TGN. The two
TGN-localized proteins share 90% similarity and deletion of both the YPT31 and YPT32
genes is lethal. Mutants that are deleted for one of the two genes and carry a conditional
mutation in the other one accumulate aberrant Golgi structures and exhibit transport
defects of secretory cargo at the level of the TGN (Benli et al., 1996; Jedd et al., 1997).
Ypt32p has also been found to function in delivery of secretory vesicles to the plasma
membrane by recruiting Sec2p, the GEF for Sec4p, to secretory vesicles (Ortiz et al.,
2002). In addition, Ypt31p/Ypt32p have been implicated in retrograde transport from the
PGE to the Golgi (Chen et al., 2005; Sciorra et al., 2005).
A recently identified protein family, thought to function in export of certain
cargoes from the Golgi, are the ChAPs (Chs5p-Arf1p-binding Proteins), comprising
Chs6p, Bud7p, Ymr237p and Ykr027p. ChAPs have been found to be involved in
transport of Chs3p to the cell surface and interact with Arf1p, Chs5p and the cargo
Chs3p. Interaction of ChAPs with Chs5p is required for their localization to the TGN.
ChAPs also have the ability to interact with each other. Based on the identified
interactions it has been speculated that the ChAPs together with Chs5p form a novel
vesicle coat . This hypothesis however awaits further experimental support (Trautwein et
al., 2006). The Golgi-localized yeast dynamin homologue Vps1p is required for proper
sorting of cargo from the TGN to the prevacuolar compartment. This was concluded from
the observation that cargo normally trafficking to the vacuole via the PVC (newly
synthesized soluble vacuolar proteins and vacuolar membrane proteins) gets mislocalized
to the plasma membrane in vps1 mutant cells (Nothwehr et al., 1995). As described above
Vps1p is also required for the formation of high density secretory vesicles (see paragraph
1.2.2.).
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1.6. Formation of transport vesicles at the TGN
Coat proteins play an important role in the formation of transport vesicles and in
cargo sorting. The best characterized coat proteins are COPI, COPII and clathrin. While
COPI mediates retrograde transport within the Golgi and between the Golgi and the ER,
COPII is involved in the formation of anterograde transport vesicles at the ER. Clathrin
has been implicated in endocytosis and in trafficking between the TGN and endosomes
(for review on coated vesicle budding see (McMahon and Mills, 2004)). Data generated
in yeast suggest that clathrin might also be involved in endosome-to-Golgi retrieval
(Valdivia et al., 2002). The following paragraphs will give an overview on components
involved in clathrin-coated vesicle formation focusing on clathrin function at the TGN.
1.6.1. Adaptor protein (AP)-complexes
Adaptor protein (AP) complexes represent heterotetrameric complexes that are
involved in the formation of transport vesicles. While mammalian cells possess four AP
complexes (AP1-AP4), yeast contains only three (AP1-AP3). AP complexes are
composed of two large subunits (termed γ/β1, α /β2, δ/β3 and ε/β4 respectively) a
medium subunit (µ1-µ4) and a small subunit (σ1-σ4) (Robinson and Bonifacino, 2001).
The β1 and β2 subunits of AP1 and AP2 have been found to bind clathrin via clathrin-
binding sites within their hinge domains (Dell'Angelica et al., 1998; Gallusser and
Kirchhausen, 1993; Shih et al., 1995). In addition, also the β ears (Owen et al., 2000) and
the hinge domains of the γ- and α- subunits (Goodman and Keen, 1995; Morgan et al.,
2000) are capable of binding to clathrin. Besides clathrin, AP1 and AP2 also bind to
sorting signals within the cytoplasmic domains of transmembrane domains and thus
promote sorting of specific cargoes into clathrin-coated vesicles. AP complexes are
known to interact with tyrosine based sorting signals defined by the consensus motif
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YXX∅ via their µ subunits. They also recognize so-called dileucine-based sorting signals
of the consensus motif [DE]XXXXL[LI] (Nakatsu and Ohno, 2003). It has however been
controversial which of the AP subunit(s) recognizes this motif. Evidence has been
provided that AP1 binds to dileucine-based sorting signals via its γ and σ1 subunits
(Janvier et al., 2003). The ear domains of α-,β2- (Owen et al., 2000; Slepnev and De
Camilli, 2000) and γ-adaptin (Page et al., 1999) have been demonstrated to recruit
accessory proteins (examples in mammalian cells are amphiphysin, Eps15, γ-Synergin),
which are additional regulators of clathrin vesicle formation (for review see (Slepnev and
De Camilli, 2000)). While AP2 functions in endocytosis from the plasma membrane, AP1
is a component of clathrin-coated vesicles associated with the TGN (Nakatsu and Ohno,
2003).
In yeast only the AP1 complex has been found to physically and genetically
interact with clathrin. The yeast AP2 complex was termed AP2R (“R” stands for
“related”), because despite of sequence similarity of the yeast AP2 subunits to
mammalian subunits, no evidence exists that links AP2-R to clathrin or endocytosis.
Interestingly, deletion of all four subunits of the yeast AP1 complex or deletion of all
identified β-subunit encoding genes, does not cause defects in clathrin-coated vesicle
trafficking. These findings suggest that in contrast to the situation in mammalian
cells,clathrin function in yeast does not necessarily dependent on AP complexes (Yeung
et al., 1999).
In mammalian cells it has been shown that AP1 localization to the TGN depends
on PI(4)P and ARF-GTP (Stamnes and Rothman, 1993; Traub et al., 1993; Wang et al.,
2003; Wong and Brodsky, 1992; Zhu et al., 1998; Zhu et al., 1999). AP1 has classically
been implicated in anterograde transport from the TGN to endosomes. A proposed cargo
for AP1 dependent transport is the mannose-6-phosphate receptor (MPR)(Le Borgne and
Hoflack, 1998). However, it was recently demonstrated that in cells from µ1-knockout
mice MPRs did not accumulate in the TGN but were transported to the cell surface where
they were re-endocytosed and then accumulated in early endosomal compartments. This
indicates a function for AP1 in retrograde transport from endosomes to the TGN (Meyer
et al., 2000). This hypothesis is further supported by data generated in yeast. Evidence
has been provided that retrieval of the chitin synthase Chs3p and the SNARE Tlg1p from
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early endosomes to the Golgi requires clathrin and AP1 (Valdivia et al., 2002). AP3 has
been found to be involved in trafficking to lysosomes in mammalian cells and to the
vacuole in yeast. It is not yet entirely clear whether AP3 vesicles are clathrin-coated. The
ALP pathway in yeast does not seem to depend on clathrin. The function of mammalian
AP4 has not yet been extensively characterized. Data indicate that it might be part of a
non-clathrin coat.
Figure modified from (Robinson and
 Bonifacino, 2001)
Figure 6  Schematic
representation of AP1
The AP1 complex consists of 2
large subunits (γ  and β 1), a
medium subunit (µ1) and a small
subunit (σ1). Interaction partners
of the different domains are
indicated. Mammalian cells
possess four AP complexes (AP1-
AP4), yeast cells contain only three
(AP1-AP3).
1.6.2. Gga proteins
Ggas (Golgi-localized, γ-ear-containing, Arf-binding proteins) are monomeric
clathrin adaptors that are conserved from yeast to man. Three isoforms exist in humans
(GGA1-GGA3) and two in yeast (Gga1p and Gga2p) (Dell'Angelica et al., 2000; Hirst et
al., 2000; Zhdankina et al., 2001). Gga proteins function in transport of cargo from the
TGN to endosomes, a trafficking step that is mediated by clathrin coated vesicles. An
involvement of Ggas in this pathway became evident from phenotypic analysis of yeast
gga1Δ,gga2Δ double mutants, which are defective in trafficking of several cargoes
between the TGN and PVCs. These cargoes include the vacuolar enzymes CPY
(Dell'Angelica et al., 2000; Hirst et al., 2000; Zhdankina et al., 2001) and CPS, the sorting
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receptor Vps10p (Costaguta et al., 2001) and a Pep12p chimera (Black and Pelham, 2000).
In addition, highly glycosylated α-factor precursor is secreted by the double mutant,
indicating that the Golgi protease Kex2p is mislocalized (Costaguta et al., 2001). Gga
proteins contain four functional domains: the VHS, GAT and GAE domains and a largely
unstructured hinge region (Boman, 2001). Mammalian Ggas bind via their VHS domains
to acidic amino acid cluster-dileucine sequences (consensus sequence DXXLL) in the
cytosolic domain of cargo molecules such as the cation-dependent- and cation-independent
MPRs and sortilin, a Vps10p-domain sorting receptor which is highly expressed in the
vertebrate central nervous system and is thought to function in trafficking of cargo to and
from the Golgi apparatus (Nielsen et al., 2001; Puertollano et al., 2001a; Takatsu et al.,
2001; Zhu et al., 2001b). GGA1 and GGA3 contain an intrinsic DXXLL sequence within
their hinge regions, and it is thought that binding of their VHS domain to this sequence is
a means of autoinhibition (Doray et al., 2002). The residues within the mammalian GGA-
VHS domain that mediate binding to the DXXLL motif are not conserved in yeast Gga-
VHS domains, indicating that yeast Gga proteins use another mechanism for cargo
recognition (Misra et al., 2002). The GAT domains of both mammalian and yeast GGAs
interacts with GTP-bound ARF (Boman et al., 2002; Dell'Angelica et al., 2000;
Puertollano et al., 2001b; Takatsu et al., 2001). In mammalian cells, it has been
demonstrated that ARF-GTP is required for recruitment of GGA to the Golgi. This was
concluded from the observation that point mutations within the GAT domain of human
GGA1 and GGA3 that abrogate interaction with ARF result in mislocalization of the
proteins from the Golgi to the cytosol (Boman et al., 2002; Puertollano et al., 2001b). In
contrast in yeast, the homologous mutations did not affect Golgi localization of Gga1p and
Gga2p, indicating that Arf is not sufficient for recruitment of yeast Ggas to the TGN
(Boman et al., 2002). Besides interacting with ARF-GTP the GAT domain of both
mammalian and yeast GGAs has also been shown to bind ubiquitin (Scott et al., 2004b;
Shiba et al., 2004). In yeast this interaction is required for proper sorting of the
ubiquitinated general amino acid permease Gap1 from the TGN to endosomes (Scott et al.,
2004b). Via clathrin-binding sequences in their hinge regions GGA proteins recruit
clathrin onto the TGN membrane (Puertollano et al., 2001b) and their GAE domains
interact with various accessory proteins such as Rabaptin-5, γ-synergin, p56 and the epsin-
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related protein enthoprotin in mammals and the epsin-related proteins Ent3p and Ent5p in
yeast (Bonifacino, 2004).
  Figure taken from (Robinson and Bonifacino, 2001)
Figure 7 GGAs and their interaction partners
The GGAs are monomeric clathrin adaptors, comprising three domains: VHS, GAT and ear domain as well
as a largely unstructured hinge region. Interaction partners of GGAs are indicated. (CHC): clathrin heavy
chain, (CLC): clathrin light chain,
(TD): terminal domain.
The identification of GGAs as key players in clathrin-coated vesicle formation at
the TGN raised the question of how AP1 and the GGAs function together in this process.
 Different models have been suggested in which GGAs and AP1 either cooperate in the
anterograde pathway in forming clathrin-coated vesicles or in which GGAs are
responsible for anterograde transport while AP1 functions in retrograde transport
(reviewed in (Nakayama and Wakatsuki, 2003)). However up to know the interplay
between the GGAs and AP1 remains elusive.
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1.6.3. Drs2p
Another protein that has been implicated in clathrin-coated vesicle formation is
Drs2p. Drs2p is a member of a large subfamily of eukaryotic P-type ATPases, which are
thought to function as aminophospholipid translocases (also referred to as
flippases)(Halleck et al., 1999; Tang et al., 1996; Williamson and Schlegel, 2002).
Flippases are characterized by their ability to flip phosphatidylserine (PS) and
phosphatidylethanolamine (PE) from the external leaflet of a membrane to the cytosolic
leaflet (Daleke, 2003; Devaux, 1992; Tang et al., 1996). Drs2p localizes to the TGN (Chen
et al., 1999) and in vitro experiments indicate that Drs2p translocates phospholipids across
the TGN membrane (Natarajan et al., 2004). The drs2Δ mutant is synthetic lethal with
arf1Δ  and clathrin heavy chain (chc1) temperature-sensitive mutants, accumulates
abberant Golgi structures and mislocalizes Golgi resident proteins such as the
endoprotease Kex2p (Chen et al., 1999). These phenotypes indicated a function for Drs2p
in protein transport from the TGN and it could indeed be demonstrated that Drs2p together
with clathrin plays a direct role in the formation of dense secretory vesicles (HDSVs)
carrying the cargo protein invertase (Gall et al., 2002). The exact molecular mechanism by
which Drs2p contributes to exocytic vesicle formation is not yet understood. One model
suggests that a lipid imbalance generated by the translocation of phospholipids from the
luminal leaflet to the cytosolic leaflet of the Golgi membrane by the action of Drs2p
results in positive curvature of the membrane thus facilitating the formation of clathrin
coated vesicles. It has been found that Drs2p interacts directly with the ARF-GEF Gea2p,
and this interaction might stimulate the concentration of the vesicle budding machinery at
sites of Drs2p function (Graham, 2004). Besides Drs2p yeast contains four additional
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name function reference
Drs2p phospholipids translocation across TGN
membrane; involved in formation of
secretory vesicles; establishment of
phospholipids asymmetry within lipid
bilayer of secretory vesicles
(Chen et al., 1999)
(Gall et al., 2002)
(Alder-Baerens et al., 2006)
Neo1p involved in retrograde transport from
Golgi-to-ER; suggested to  establish
phospholipid asymmetry in early Golgi
membranes
(Hua and Graham, 2003)
Dnf1p phospholipid translocation across the
plasma membrane; role in endocytosis;
early endosome-to-TGN retrieval
(Pomorski et al., 2003)
(Hua et al., 2002)
Dnf2p phospholipid translocation across the
plasma membrane; role in endocytosis;
early endosome-to-TGN retrieval
(Pomorski et al., 2003)
(Hua et al., 2002)
Dnf3p establishment of phospholipids
asymmetry within lipid bilayer of
secretory vesicles
(Alder-Baerens et al., 2006)
Table1: phospholipd translocases in yeast and their presumptive functions
1.7. Vesicle tethering to the Golgi
Delivery of transport vesicles to their correct acceptor compartment is a
prerequisite for maintaining organelle identity. Several factors contribute synergistically to
the specificity of the targeting process. Membrane fusion requires the pair-wise interaction
of specific v-SNAREs on transport vesicles with specific t-SNAREs on target membranes
(reviewed in (Ungermann and Langosch, 2005)). Members of the Rab GTPase family are
specifically associated with membranes of the exocytic and endocytic pathways recruiting
various effectors to the membrane, including tethering factors (reviewed in (Segev, 2001)).
These are soluble proteins or complexes that function upstream of SNARE proteins. They
are localized to the target membrane where they promote association of incoming vesicles
with the membrane (reviewed in (Whyte and Munro, 2002)). An example is the Exocyst
complex, which is required for targeting of secretory vesicles to the plasma membrane (see
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paragraph 1.2.1.). Three protein complexes that have been suggested to function in vesicle
tethering to the cis- or trans-Golgi will be introduced in the following paragraphs.
1.7.1. TRAPP complex
TRAPP (Transport protein particle) is a multiprotein complex consisting of 10
subunits (Trs23p, Trs31p, Trs20, Bet5, Gsg1, Bet3p, Trs33, Trs120p, Trs130p, Kre11p),
all of which are essential for viability except for Gsg1p, Trs33p and Kre11p. Bet3p and
Bet5p were originally identified in genetic screens (Jiang et al., 1998; Rossi et al., 1995),
whereas the remaining TRAPP subunits were isolated in subsequent immunoprecipitation
experiments using c-myc tagged and Protein A tagged Bet3p as the bait (Sacher et al.,
2000; Sacher et al., 1998). The TRAPP complex consists of two subcomplexes, TRAPPI
and TRAPPII that act at different stages of membrane traffic. While TRAPPII comprises
all 10 subunits, TRAPPI contains only 7 subunits, lacking Trs120p, Trs130p and Kre11p.
Initial localization experiments using sucrose density gradients indicated that members of
both TRAPP subcomplexes cofractionate with the early Golgi marker Bet1p but not with
the late Golgi markers GDPase and Kex2p (Sacher et al., 2001). A recent study in which
a refined sucrose density gradient was used for localization studies revealed however that
the TRAPPII specific subunit Trs120p rather cofractionates with a late Golgi/early
endosome marker Chs3p but not with the early Golgi marker Och1p or the ER-Golgi
SNARE Sec22p. Moreover, both Trs120p and Trs130p colocalized with the late Golgi
marker Sec7p in immunofluorescence (Cai et al., 2005). These results indicate that
TRAPPI localizes to the cis-Golgi, whereas TRAPPII resides at the trans-Golgi. The
TRAPP complex functions as a guanine nucleotide exchange factor for the Rab GTPases
Ypt1p, which is required for ER-to-Golgi transport, and Ypt31/32 required for exit from
the TGN (Jones et al., 2000; Wang et al., 2000).  In the case of Ypt1p it has specifically
been shown that both subcomplexes can exchange nucleotide on the Rab GTPase (Sacher
et al., 2001).
An in vitro assay for ER-to-Golgi membrane transport revealed that depletion of
Bet3p from fractions used in the assay results in a block of vesicle binding to the Golgi.
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Transport could be restored when fractions enriched in TRAPPI were added to the assay.
Addition of TRAPPII however did not restore vesicle docking. From this observation it
was concluded that TRAPPI but not TRAPPII is involved in ER-to-Golgi trafficking.
These results are supported by the observation that TRAPPI but not TRAPPII binds to
COPII vesicles in vitro (Sacher et al., 2001). It is thought that TRAPPI acts at the step of
vesicle docking to the cis-Golgi(Barrowman et al., 2000). To investigate the function of
TRAPPII, mutants of the TRAPPII specific genes TRS120 and TRS130 were analyzed for
trafficking phenotypes. These experiments revealed that both trs130 and trs120 mutants
accumulated aberrant Golgi structures that resemble the ones seen in the pik1-101 mutant.
In addition trs130 mutant cells accumulate Golgi modified forms of CPY and invertase
and exhibit a defect in general secretion. trs120 mutants in contrast do not block
anterograde transport of CPY, are not defective in general secretion and only two out of
four tested  trs120 mutants (trs120-2 and trs120-8) are partially defective in invertase
secretion. Both mutations in TRS130 and TRS120 result in defective recycling of Snc1p
and Chs3p from early endosomes and trs120 cells but not trs130 cells mislocalize COPI
subunits. TRAPPII subunits also interact physically with COPI subunits in vitro,
indicating that TRAPPII might tether vesicles via COPI. The observed phenotypes
suggest that Trs130p is required for both trafficking through the Golgi complex as well as
trafficking from early endosomes to the Golgi, wheras Trs120p seems to specifically
function on the retrieval pathway.  Nevertheless, both subunits are exclusively found
within the TRAPPII complex and it is still unclear how their different functions are
mediated (Cai et al., 2005).
The TRAPP complex is highly conserved from yeast to man. For seven of the ten
TRAPP subunits structural homologues have been identified in humans. For mammalian
Bet3p, the most conserved subunit of the complex, a role in ER-to-Golgi transport has
recently been demonstrated (Loh et al., 2005). Missense or deletion mutants in SEDL, the
human orthologue of TRS20 , are responsible for the human X-linked disease
spondyloepiphyseal dysplasia tarda (SEDL) (Gedeon et al., 1999). SEDL is a genetic
disorder of bone growth that manifests in short stature, barrel chest and dysplasia of the
large joints (Bannerman et al., 1971; Iceton and Horne, 1986; MacKenzie et al., 1996).
The fact that SEDL is caused by a defect in a TRAPP subunit suggests that the disease is
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at least partially caused by defects in secretion of cartilage components (see (Sacher,
2003) for review). Up to now the molecular causes of SEDL are however not well
understood.
1.7.2. GARP/VFT
The GARP (Golgi-associated retrograde protein)/VFT (Vps fifty three) complex
consists of four subunits (Vps51-Vps54) and is peripherally associated with the late Golgi
compartment. Deletion of any of the four subunits of GARP/VFT leads to both defects in
recycling of the CPY sorting receptor Vps10p and the Golgi-resident protease Kex2p
from the PVC to the TGN as well as defects in recycling of the v-SNARE Snc1p from the
PGE to the TGN. It is thus thought that GARP/VFT functions as a tethering complex in
the retrograde trafficking pathways from both early and late endosomal compartments
(Conibear et al., 2003; Conibear and Stevens, 2000). GARP/VFT binds directly to the
GTP bound form of the TGN associated Rab GTPase Ypt6p (yeast homologue of
mammalian Rab6) (Siniossoglou and Pelham, 2001), which in turn is activated by the
function of the heterodimeric nucleotide exchange factor Ric1p-Rgp1p (Siniossoglou et
al., 2000). The interaction of GARP/VFT with Ypt6p-GTP is required for proper
localization of the complex (Siniossoglou and Pelham, 2001). The Vps51p subunit of
GARP/VFT binds directly to the late Golgi t-SNARE Tlg1p (Conibear et al., 2003;
Reggiori et al., 2003; Siniossoglou and Pelham, 2002). The functional significance of this
interaction is not entirely understood but as Tlg1 is present on both the TGN as well as on
vesicles derived from early endosomes it has been suggested that the GARP/VFT
complex either binds to Tlg1p on vesicles thus directing them to the TGN or alternatively
that it binds to Tlg1p on the Golgi membrane thereby modulating SNARE activity and
promoting membrane fusion (Siniossoglou and Pelham, 2001). Human GARP/VFT is a
trimeric complex consisting of hVps52, hVps53 and hVps54. A human homologue for
Vps51p could not be identified up to now but its function might be fulfilled by another
yet unidentified human protein (Liewen et al., 2005).
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1.7.3. COG complex
An additional Golgi localized multiprotein complex, the COG complex (conserved
oligomeric Golgi complex), consists of eight subunits (Cog1p-Cog8p), and is conserved
from yeast to man (Ungar et al., 2006). In contrast to the TRAPP and GARP/VFT
complexes the characterization of the COG complex did not start in the yeast system. It
began with the observation that Chinese hamster ovary (CHO) cell mutants that carried
mutations in the COG1 and COG2  genes exhibited abnormal processing of the
oligosaccharides on the low density lipoprotein (LDL) receptor resulting in instability of
the receptor (Kingsley et al., 1986). In yeast the first COG genes, SEC34 (now named
COG3) and SEC35 (now named COG2), were identified in a screen for genes that
function in ER-to-Golgi transport (Wuestehube et al., 1996). Genetic studies and in vitro
ER-to-Golgi transport assays suggested that COG3/SEC34 and COC2/SEC35 function in
tethering of ER-derived vesicles to the cis-Golgi (VanRheenen et al., 1998; VanRheenen
et al., 1999). A role for COG as a tethering complex in anterograde transport was also
consistent with the observation that some cog mutants display defects in secretion (Kim
et al., 2001; Ram et al., 2002; Spelbrink and Nothwehr, 1999; Whyte and Munro, 2001;
Wuestehube et al., 1996) and with the homology of some COG subunits with subunits of
the exocyst (Whyte and Munro, 2001), a known tethering complex for secretory vesicles.
More recent data however suggest that COG is rather involved in retrograde intra-Golgi
trafficking. In support of this model, mutations in COG subunits result in dramatic
defects in Golgi-specific glycosylation on cargo proteins, indicating a mislocalization of
Golgi-resident glycosyltransferases, which are usually recycled in retrograde transport
vesicles to their proper destination within the Golgi (Suvorova et al., 2002). It has indeed
been demonstrated that two Golgi mannosyltransferases, Och1p and Mnn1p, are
mislocalized in cog3 mutant cells (Bruinsma et al., 2004). In addition the COG complex
has been shown to interact with a subset of Golgi SNAREs which all act in retrograde
trafficking and with COPI, a vesicle coat functioning in retrograde transport (Suvorova et
al., 2002). The precise molecular function of COG remains to be clarified. It has been
suggested that COG either acts in tethering of retrograde COPI coated vesicles to the cis-
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Golgi or in cargo selection into COPI vesicles during budding (Bruinsma et al., 2004;
Suvorova et al., 2002). The COG complex might also have an additional function in
retrieval of vesicles from endosomes to the TGN, as deletion of several subunits results in
Snc1p recycling defects (Whyte and Munro, 2001).
Figure 8 Tethering complexes
at the Golgi apparatus
Suggested sites of function for
the different Golgi vesicle
tethering complexes are shown.
While TRAPPI is thought to
function in ER-to-Golgi
transport, TRAPPII has been
implicated in retrieval from
PGEs to the TGN and might
also function in intra-Golgi
transport or TGN exit. The
GARP/VFT complex is
required for retrieval from both
PGEs and PVCs. The COG
complex was originally thought
to function in tethering of ER-
derived vesicles to the cis-
Golgi. Recent data suggest a
role for COG in retrograde
transport through the Golgi and
in PGE-to-TGN retrieval.
2. Rationale
Over the last decade a large body of work has provided growing insight into the
molecular mechanisms that direct post-Golgi trafficking events and many new key
regulators of these transport processes, such as the Gga proteins, have been identified.
Nevertheless, many questions remain unsolved and new challenges arise from the
growing amount of data:
(1) It has recently been demonstrated that the budding yeast Saccharomyces cerevisiae
uses at least two different exocytic routes to transport cargo to the cell surface. It is
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however unknown, by which mechanisms different cargoes are sorted into different kinds
of secretory vesicles at the Golgi apparatus, and the molecular machinery that directs
these sorting processes remains largely unidentified. It is also not clear whether transport
to the cell surface involves vesicle coat proteins.
(2) A known key regulator of exocytic vesicle formation at the Golgi is the
Phosphatidylinositol 4-kinase Pik1p. A question that remains to be solved is whether
Pik1p and its product PI(4)P are required for the specific regulation  of one of the
exocytic branches or whether Pik1p plays a more general role in Golgi secretory function
or homeostasis.
(3) Another important question is how Pik1p mediates its effects on secretory vesicle
formation. So far the only known effectors of PI(4) phosphate  at the yeast Golgi are the
OSBP homologues Osh1p, Osh2p and Osh4p/Kes1p, and also in mammalian cells only
few effectors have been identified. It seems however likely that PI(4)P functions as a
landmark on the Golgi and is involved in recruitment of a variety of effectors to the
membrane similar to the function of PI(3)P on endosomes (Birkeland and Stenmark,
2004; Simonsen et al., 2001).
(4) It remains open by which mechanism Pik1p itself is localized to the TGN. The only
direct interactor of Pik1p identified so far is Frq1, which functions as an activator of
Pik1p activity.
In the past, genome-wide genetic screens have been proven to be useful tools in
identifying components of the post-Golgi trafficking network, as illustrated by the
example of the SEC genes and the VPS genes. Previous screens however were largely
unsuccessful in identifying regulators of sorting and vesicle formation at the Golgi. A
reason for that might be that these screens usually just monitored general growth defects
and/or followed trafficking of one specific cargo (e.g. invertase) in mutant cells. The
model of the two exocytic branches however now reveals that secretory cargo can most
likely be partially redistributed into an alternative route when one pathway is blocked. It
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is therefore necessary to screen under conditions where trafficking is disturbed at more
than one step or to develop more sensitive screening methods. In order to better
understand the function of Pik1p and PI(4)P in Golgi exit and to identify new
components of the machinery that directs sorting and vesicle formation at the TGN, I
used two different screening approaches that were devised to circumvent the problem of
masked phenotypes caused by redundant exocytic pathways:
(1) a genome-wide synthetic lethal screen using a pik1-101 mutant as query strain
Synthetic lethality is a genetic interaction where two mutations in combination
result in a lethal phenotype whereas each mutant by itself is viable. The presence of one
of the two genes thus allows the cell to tolerate mutation or loss of the other, indicating a
functional relationship between the two genes. Synthetic lethal/sick interactions are
known to occur between genes acting in the same pathway or between genes functioning
in parallel, partially redundant pathways (Hartman et al., 2001). Previous studies revealed
that the pik1-101 mutant is synthetic lethal with mutations in genes acting in intra-Golgi
traffic and in Golgi-to-plasma membrane transport but not with mutations in genes acting
in vesicle formation from the ER (Walch-Solimena and Novick, 1999). We were thus
confident that by using the pik1-101 mutant as query strain in a genome-wide synthetic
lethal screen, we would specifically isolate regulators acting at late stages in the secretory
pathway.
specific aims of the project:
- identifying new effectors of PI(4)P and/or physical interactors of Pik1p in order to gain
a better understanding of Pik1p/PI(4)P function in secretory vesicle formation at the
Golgi.
- getting new insight into the question of which post-Golgi pathway(s) are regulated by
Pik1p function
- identifying new regulators of post-Golgi trafficking, in particular components of the
sorting and vesicle formation machinery at the Golgi
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(2) a genome-wide visual screen
This project was a collaboration between several members of the Walch-Solimena
laboratory (Maike Gravert, Peggy Hsu, Yvonne Gloor, Christiane Walch-Solimena) and
several members of the Simons laboratory (Tomasz Proszynski, Robin Klemm, Michel
Bagnat, Kai Simons).
specific aims of the project:
- developing a new sensitive screening technique that allows for visual detection of
sorting defects
- identifying new regulators of post-Golgi trafficking, in particular components of the
sorting and vesicle formation machinery at the Golgi
3. Results
3.1. A genome-wide pik1-101 synthetic lethal screen
In order to identify novel effectors of Pik1p function at the TGN and to isolate
new regulators of post-Golgi trafficking, a genome-wide synthetic lethal screen was
performed, using a method that is known as synthetic genetic array analysis (SGA) (Tong
et al., 2001). A query strain carrying the pik1-101 mutant allele was crossed to the
complete set of approximately 4800 viable knockout strains of the yeast deletion library
(EUROSCARF collection: European Saccaromyces cerevisiae Archives for Functional
analysis, fvhttp://web.unifrankfurt.de/fb15/mikro/euroscarf/index.html) in an automated
fashion (figure 9A). Resulting double mutants were monitored visually for severe
impairment of growth (synthetic sick (SS) phenotype) or for inability to grow (synthetic
lethal (SL) phenotype) (figure 9B). The pik1-101 mutant is temperature sensitive.
Temperatures higher than 30°C are lethal for growth. Screening was performed at the
permissive temperature of 25°C at which catalytic activity of Pik1p is reduced but not
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abolished and partial defects in exocytic transport and Golgi morphology can be
observed. Some deletion mutants contained within the deletion library already exhibit a
slow growth phenotype by themselves. Thus, in order to have a point of reference during
analysis of double mutants, a second run of the screen was performed in parallel in which
a PIK1 wildtype strain was used as query strain.
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Figure 9: SGA analysis of the pik1-101 mutant allele -Screening strategy
(A) A MATα query strain carrying the pik1-101 mutant allele linked to a URA3 marker (pik1-101 allele
represented by red dot) was crossed to each of the approximately 4800 MATa strains of the yeast deletion
library, each of which carries a gene deletion linked to a kanamycin resistance marker (blue dot represents
gene deletion). Resulting diploids were sporulated and haploid double mutants were selected in several
steps on drop-out medium via selectable markers. Growth of double mutants was evaluated by visual
analysis. Screening was performed at 25°C, the permissive temperature for the pik1-101 mutant. In parallel,
the screen was performed using a PIK1 wildtype strain as query. This second screen served as point of
reference during evaluation of double mutants to decrease false-positive counts.
(B) Example of selection plates that were used for evaluation of double mutant growth rates (last round of
selection). Plates at the top contain duplicates of haploid deletion strains carrying the PIK1 wildtype allele
(reference plates). Plates at the bottom contain haploid double mutants in duplicates (two neighbouring
strains represent the same double mutant). Colonies encircled in red represent examples of synthetic
lethality (panels at the left) or synthetic sickness (panels at the right), respectively.
3.1.1. Results of the screen
The screen identified 85 deletion strains that displayed synthetic growth defects
when combined with the pik1-101 mutant. The corresponding genes are listed in table 2
(Appendix). 21 deletion mutants that can be attributed to any of the following subgroups
(based on information available at the SGD (www.yeastgenome.org) and YPD
(www.incyte.com) databases) were chosen for further analysis:
(1) mutants of genes with a known function in membrane trafficking
(2) mutants of genes whose products localize to the TGN
(3) other mutants that exhibited particular strong growth defects when combined with the
pik1-101 mutant
The synthetic growth defect of these deletion mutants with pik1-101 was confirmed by
tetrad analysis. The according genes were arranged into four functional groups (figure
10):
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Figure 10: Results of SGA analysis of the pik1-101 mutant allele
Genes that have been found by SGA analysis to interact with pik1-101 (synthetic lethal or sick) are
represented as nodes. All genetic interactions shown in this scheme have been confirmed by tetrad analysis.
The synthetic genetic interaction with UBA4 was not originally identified in the genome-wide screen but
was found by tetrad analysis in the further course of this study. YNL120C overlaps with NCS2 on the other
DNA strand.
3.1.1.1 known membrane trafficking genes
The cluster of known membrane trafficking genes isolated from the screen
comprises genes whose products act at various steps in post-Golgi transport. The yeast
dynamin homologue Vps1p, the monomeric clathrin adaptor Gga2p and Vps9p, a
potential GEF for the yeast RAB5 homologue Vps21p, are required for sorting from the
TGN to endosomes (Black and Pelham, 2000; Burd et al., 1998; Gurunathan et al., 2002).
The GARP complex subunits Vps51p and Vps54p as well as Ypt6p and its GEF Ric1p
function in retrograde trafficking from both early and late endosomes to the Golgi
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(Bensen et al., 2001). Another gene identified is the rab11 homologue Ypt31p, which,
together with the related protein Ypt32p, is involved in the formation of secretory
vesicles at the Golgi (Benli et al., 1996). Ypt32p, whose cellular abundance is lower than
that of Ypt31p, did however not exhibit any synthetic growth defect with pik1-101. VPS1
and YPT31 have previously been shown to genetically interact with PIK1 (Christiane
Walch-Solimena personal communication and (Walch-Solimena and Novick, 1999)).
Their identification in this study therefore indicates that the pik1-101 synthetic lethal
screen was efficient in the isolation of specific genetic interactors.
3.1.1.2 urmylation genes
The screen also isolated a group of genes that have previously been reported to be
involved in a potential post-translational modification pathway referred to as the
“urmylation pathway”. Urm1p is a ubiquitin-related protein modifier that can be post-
translationally attached to other proteins in a manner analogous to ubiquitin and that has
been isolated in a screen for mutants that are required in the absence of the p21-activated
kinase Cla4p. It has been suggested that the urmylation pathway is involved in nutrient
sensing, budding and oxidative stress response. The molecular function of Urm1p
however remains unclear (Goehring et al., 2003b). Besides deletion of URM1 also
deletions of NCS2 and ELP2 resulted in a synthetic growth defect in combination with
the pik1-101 mutation. NCS2 and ELP2 are among a group of five genes whose deletion
has previously been shown to decrease the level of potentially urmylated proteins, the
identity of which has not been determined. UBA4, encoding the protein activation
enzyme (E1) of Urm1p, was not identified in the original SGA analysis but was
demonstrated to exhibit a SS phenotype with pik1-101 later in this study. YNL120C,
another candidate from the screen, overlaps with NCS2 on the other DNA strand. All
genes of the urmylation pathway (in the following referred to as “urmylation genes”) that
were identified in the pik1-101 screen have previously been reported to display synthetic
lethality when the according deletion mutants were combined with strains carrying a
point mutation in the MYO2 gene (Tong et al., 2004), which encodes a type V myosin
that moves secretory vesicles along actin cables to sites of exocytosis. This is particularly
interesting as PIK1 also interacts genetically with MYO2 and in addition exhibits a
52
depolarized actin cytoskeleton (Walch-Solimena and Novick, 1999). Moreover, deletion
mutants of the urmylation genes as well as pik1-101 are synthetically lethal/sick with
mutants of CLA4 ((Goehring et al., 2003b) and this study), further suggesting some
common function for these genes.
3.1.1.3 genes of unknown function
Two genes of unknown function, YEL048C and YMR010W were confirmed to
genetically interact with PIK1. In previous high throughput studies YEL048C was found
to exhibit synthetic lethal interaction with KRE11, which encodes a nonessential subunit
of the TRAPP complex. YMR010W was found to be synthetic lethal with RIC1 and YPT6
(Tong et al., 2004). High throughput localization studies indicate that the product of
YEL048C localizes to the TGN whereas the product of YMR010W localizes to the cis-
Golgi (Huh et al., 2003).
3.1.1.4 genes of other function
This category of confirmed candidates from the screen contains genes whose
products have previously been implicated in different cellular processes. Smi1p is a
protein of unknown molecular function but has been found to act in synthesis of β-1,3-
glucan, a major component of the cell wall (Hong et al., 1994). High throughput
localization data indicate that the protein resides in the TGN (Huh et al., 2003). The
GDA1 gene encodes a guanosine diphosphatase of the Golgi membrane, whose function
is required for protein and sphingolipid mannosylation in the lumen of the Golgi (Abeijon
et al., 1993). Cla4p, a p21-activated kinase, and the actin bundling protein Sac6p
(orthologue of mammalian fimbrin) are both required for maintenance of actin
cytoskeleton organization (Cvrckova et al., 1995; Karpova et al., 1995). The CLA4 gene
has also been implicated in cytokinesis and, as mentioned above, the according deletion
mutant exhibits synthetic lethality with genes of the urmylation pathway. VMA13 encodes
a component of the vacuolar H+-ATPase (Ho et al., 1993) and the product of PKR1 is a
protein of unknown molecular function that has been localized to the ER and was found
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to bind to PI-(4,5)-bisphosphate in a high throughput in vitro study(Huh et al., 2003; Zhu
et al., 2001a) .
Taken together the results from the SGA analysis revealed that Pik1p interacts with
anterograde and retrograde post-Golgi trafficking pathways as well as with the
urmylation pathway.
3.1.2. Secondary assays
As a next step it was investigated in which Pik1p-dependent pathways the isolated
genes function. For this purpose, the according deletion mutants were subjected to several
post-Golgi transport assays. The assays were only performed with confirmed candidates
from the screen (as shown in figure 10), as well as with ypt32Δ. The ypt32Δ mutant in
contrast to ypt31Δ was not identified in the screen, however, as Ypt32p is thought to be at
least partially redundant with Ypt31p, it was also included into the assays.
3.1.2.1. Invertase secretion assay
The pik1-101 mutant displays a partial defect in exocytosis of the soluble enzyme
invertase, which is thought to be transported from the Golgi to the plasma membrane via
an indirect route through an endosomal compartment (Gurunathan et al., 2002; Harsay
and Bretscher, 1995; Harsay and Schekman, 2002; Walch-Solimena and Novick, 1999).
In order to test whether the genetic interactors of PIK1 are also defective in secretion of
this enzyme, the according deletion mutants were shifted to low glucose medium (0.1%
glucose) for two hours at 37°C (de-repression of invertase). Invertase secretion was
measured by a colorimetric reaction. The exocyst mutant sec6-4, which almost
completely suppresses the secretion of invertase was used as a positive control in the
assay. As shown in figure 11, a strong reduction of invertase secretion, similar to the
defect in pik1-101, was measured in ypt31Δ, ypt6Δ, smi1Δ and sac6Δ (30% to 49%
reduction of secretion). Mild defects in invertase secretion (9%-16%) were measured in
vps1Δ, vps51Δ, ypt32Δ, gda1Δ and cla4Δ. No phenotype was found in the deletion
mutants of the urmylation pathway genes and in the deletion mutants of the two unknown
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genes, which either suggests an involvement of the according genes in a different
pathway or indicates that single deletions of the non-essential genes does not result in any
detectable phenotypes. While ypt31Δ mutant cells exhibited a strong defect in invertase
secretion, no phenotype could be observed for ypt32Δ mutant cells. This is in agreement
with the result that the ypt31Δ but not the ypt32Δ mutant is synthetically lethal with pik1-
101.
Figure 11: Analysis of invertase secretion in mutants isolated by pik1-101 SGA analysis
Mutants that exhibited synthetic genetic interaction with pik1-101 were assayed for a defect in invertase
secretion. Secretion of invertase was induced by shifting cells for 2 hours into low glucose medium (0.1%
glucose). The ratio between secreted and intracellular invertase was determined. Each mutant was
measured at least 3 times (mean±S.D.) sec6-4 was used as positive control. Note that ypt32Δ does not
interact genetically with pik1-101. The mutant was included into this experiment in order to compare the
effects on invertase secretion in ypt31Δ versus ypt32Δ.
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3.1.2.2 Gap1*p-GFP transport assay
In another approach to screen the candidates from the screen for defects in
exocytosis, transport of a GFP-tagged version of the general amino acid permease Gap1p
to the cell surface was followed by fluorescence microscopy.  Gap1 is transported to the
plasma membrane under poor nitrogen conditions (proline or urea medium) and gets
internalized and targeted to the vacuole upon ubiquitination when a preferred nitrogen
source (NH4+) is available (Chen and Kaiser, 2002; Roberg et al., 1997; Soetens et al.,
2001). In order to work with an exocytic marker that is exclusively targeted to the plasma
membrane, a mutant version of Gap1p, Gap1*p (Gap1K9K16) (Soetens et al., 2001), was
used. Due to the mutations of the two lysine residues, the mutant protein does not get
ubiquitinated and therefore remains stable at the plasma membrane. A plasmid containing
the Gap1*p-GFP fusion protein behind the inducible GALs promotor was transformed
into the deletion strains and cells were grown overnight. Expression of Gap1*p-GFP was
induced for 3 hours by addition of galactose (2% final concentration) and cells were
analyzed by microscopy. In wildtype cells, Gap1*p-GFP was localized to the plasma
membrane and only occasionally single fluorescent dots were observed inside the cells.
pik1-101 mutant cells exhibited strong internal accumulation of the marker. The same
phenotype was also observed in the urmylation mutants urm1Δ, elp2Δ, ncs2Δ, ynl120cΔ
(but not in uba4Δ) and in deletion mutants of the unknown genes YEL048C and
YMR010W (figure 12). The observed phenotypes suggest that Pik1p, the urmylation
genes and the two unknown genes have a common function in exocytic transport of
Gap1p*-GFP.
The gga2Δ mutant was previously found to be defective in transport of the marker and
was therefore not included in this experiment (Lars Demmel personal communication).
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Figure 12: Cell surface transport of Gap1*p-GFP is impaired in several deletion mutants of the
urmylation pathway and in yel048cΔ and ymr010wΔ mutants
Wildtype (CSY209) and mutant cells (Euroscarf) were transformed with Gap1*p-GFP (TPQ99) and grown
overnight at 25°C in SCRaf-URA. Expression of the marker was induced by addition of galactose (2% final
concentration) for 3 hours. Cells were analyzed by fluorescence microscopy. Note that the uba4Δ mutant in
contrast to the other deletion mutants of the urmylation pathway did not accumulate the marker.
3.1.2.3 CPY secretion assay
The vacuolar hydrolase CPY is transported to the vacuole through late
endosomes. In the ER, glycosylation of CPY generates the precursor form p1CPY, which
is further glycosylated to the precursor p2CPY upon transit through the Golgi. p2CPY is
then transported to the vacuole where mature CPY is generated by proteolytic cleavage
(Stack et al., 1995). Defects in CPY transport from the TGN to the vacuole can result in
missorting of p2CPY and in its secretion out of the cell. This is a characteristic phenotype
of vps mutants (Bonangelino et al., 2002). The pik1-101 mutant does not secrete CPY,
but transport of the hydrolase to the vacuole is delayed, as shown by pulse-chase
experiments (Walch-Solimena and Novick, 1999). In order to investigate a possible
function of the candidate genes from the screen in TGN-to-vacuole sorting, an assay had
to be used that is applicable to test a large number of mutants. The deletion mutants were
therefore assayed for secretion of CPY using a colony blot overlay assay. For this
purpose 3 µl of each strain were spotted onto the surface of a YPD plate and incubated
for 3 hours at 30°C. A nitrocellulose membrane was placed on the plate and colonies
were grown for 24 hours at 30°C. Secreted CPY was detected by probing the
nitrocellulose membrane with an α-CPY antibody. The vps1Δ mutant served as a positive
control in this assay. As shown in figure 13A, genes whose deletion resulted in CPY
secretion include the known VPS  genes VPS1 , VPS9 , VPS51 and VPS54 (strong
secretion), the endosome-to-TGN retrieval genes RIC1 and YPT6 (strong secretion), as
well as GDA1 (strong secretion), PKR1 (moderate secretion) and  VMA13 (weak
secretion). No phenotype was observed for the urmylation genes URM1, UBA4, ELP2,
NCS2, YNL120C, for the two uncharacterized genes YEL048C and YMR010W and for
YPT31, YPT32 and GGA2. The results from this experiment are consistent with previous
results from a genome-wide screen for VPS genes by Bonangelino et al. (Bonangelino et
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al., 2002) with the exception that these authors reported a weak CPY secretion phenotype
for the ypt31Δ, urm1Δ and uba4Δ mutants that could not be detected here.
To exclude that the observed CPY secretion phenotypes were artifacts caused by
cell lysis, the experiment was repeated and the nitrocellulose membrane was probed with
an α-ADH antibody instead of an α-CPY antibody. The alcohol dehydrogenase Adh1p is
a cytosolic enzyme, so that no signal should be detected when cells are intact. This was
the case for all mutants depicted in figure 13A (data not shown). The pik1-101, cla4Δ,
smi1Δ  and sac6Δ mutants, where initially tested positive for CPY secretion but also gave
a signal when tested with the α-ADH antibody, indicating that they lyse under the
conditions of the experiment. This might be due to defects in cell wall integrity. As lysis
results in false positive results (figure 13B), the respective mutants were excluded from
figure 13A.
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Figure 13:  Screening for CPY secreting mutants
(A) The confirmed candidates from the SGA analysis were screened using a CPY overlay assay. Strains
were spotted onto YPD plates, overlayed with a nitrocellulose membrane and incubated for 24 hours at
30°C. Secreted CPY was detected using an anti-CPY antibody. The vps1Δ mutant served as positive
control. (B) To exclude false positive signals caused by cell lysis, the overlay assay was repeated as
described above using an anti-ADH antibody. A signal was detected for the pik1-101, cla4Δ and sac6Δ
mutants. These mutants were therefore excluded from figure 13A.
3.1.2.4 Assay for defect in Chs3p localization and chitin deposition
The chitin synthase Chs3p, which generates the major part of cellular chitin (90-
95%), cycles between the Golgi and the plasma membrane via an early endosome like
compartment referred to as chitosome. Chs3p is delivered in a polarized manner to sites
of bud formation early in the cell cycle and to the bud neck during cytokinesis (Chuang
and Schekman, 1996; Santos and Snyder, 1997; Ziman et al., 1996). In order to test
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whether Chs3p transport and localization are disturbed in the deletion mutants isolated
from the screen, exponentially growing cells were stained with the chitin-binding stain
calcofluor white. Defects in transport of Chs3p are manifested in altered chitin deposition
(Ortiz and Novick, 2005). As shown in figure14, wildtype cells were only stained at the
mother-bud neck and at bud scars (part of the primary septum left behind after cell
separation), which in haploid cells are usually visible as a chain with every new scar
localized next to an older one. The pik1-101 mutant in contrast exhibited chitin staining
all around the mother and daughter cell. Altered staining over the entire cell wall,
including the bud, was also observed in the known trafficking mutants ypt6Δ , vps9Δ,
vps51Δ and ypt32Δ, in the urmylation mutants ncs2Δ and ynl120cΔ as well as in cla4Δ,
smi1Δ, gda1Δ and ymr010wΔ. The vps54Δ mutant showed a strong increase in chitin
staining and clear mislocalization of chitin to the lateral wall of the mother cell. Another
striking phenotype was observed in the actin cytoskeleton mutant sac6Δ, which, besides
an overall altered cell shape, exhibited chitin staining all over the cell and random
localization of bud scars.
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Figure 14: Screening for mutants defective in Chs3p localization and chitin deposition
Wild-type (CSY209) and mutant cells (Euroscarf) isolated by pik1-101 SGA analysis were grown to
exponential phase, pelleted and taken up in a 1mg/ml calcofluor solution. Cells were stained for 5 min and
analyzed by microscopy. The figure depicts mutants that exhibited defects in chitin deposition. While wild-
type cells showed staining at the mother-bud neck and at bud scars, the pik1-101 mutant exhibited chitin
staining all around the mother cell and the bud (white arrows in panel b). A similar phenotype was
observed for the mutants depicted in panels c-e, g-j and l-n. The vps54Δ mutant exhibited an overall
increase in chitin, which was mislocalized to the lateral cell wall of the mother cell (white arrow in panel f).
The sac6Δ mutant cells showed an altered shape and exhibited chitin staining all over the mother and bud
cells. Bud scars occurred at random sites in this mutant.
3.1.2.5. Snc1p-recycling assay
Several mutants of the endosome-to-Golgi retrieval pathway were isolated as
synthetic interactors of pik1-101, namely vps51Δ, vps54Δ, ric1Δ  and ypt6Δ . It was
therefore interesting to ask whether PIK1 itself and/or its interactors are involved in
retrograde transport from endosomes. To address this question, recycling of the SNARE
Snc1p between early endosomes and the TGN was followed in the pik1-101 mutant and
in a selection of the deletion mutants isolated in the screen. The group of mutants used in
this experiment included the ypt31Δ mutant, as previous work reported a Snc1p recycling
defect for a ypt31Δ/32ts double mutant (Chen et al., 2005). In order to follow Snc1p
recycling in the mutant strains, a GFP-tagged version of Snc1p was transformed into the
mutants, and cells grown to logarithmic phase were visualized on a fluorescence
microscope. As shown in figure 15A, in wild-type cells GFP-Snc1p localized
predominantly to sites of exocytosis at the bud tip and only few fluorescent dots were
observed intracellularly, representing recycling GFP-Snc1p. The pik1-101 mutant in
contrast showed strong internal accumulation of GFP-Snc1p. This resembled the
phenotype observed in the ric1Δ mutant, which served as positive control in this
experiment. Internal accumulation of GFP-Snc1p was also observed in ypt31Δ cells,
although the phenotype was much milder than in the pik1-101 mutant. An endocytosis-
deficient mutant of GFP-Snc1p, referred to as GFP-Snc1p-pem (Lewis et al., 2000), was
used to test whether anterograde exocytic transport of the marker was functional. This
was the case in both pik1-101 and ypt31Δ mutants as well as in the control cells,
indicating that the intracellular accumulation in all three strains is due to defective
retrograde transport of GFP-Snc1p between the plasma membrane and the Golgi after re-
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endocytosis. The mild accumulation of GFP-Snc1p-pem in some pik1-101 cells might
indicate a mild disturbance of Snc1p cell surface transport in these cells, which is
however clearly not responsible for the strong internal accumulation observed in pik1-101
cells transformed with GFP-Snc1p. GFP-Snc1p recycling can also be evaluated by
western blotting. Using an α-GFP antibody, GFP-Snc1p at the plasma membrane can be
detected as a phosphorylated form of slower electrophoretic mobility and intracellular
GFP-Snc1p can be detected as a non-phosphorylated form of faster electrophoretic
mobility (Lewis et al., 2000). As shown in figure 15B, both the phosphorylated and non-
phosphorylated form of GFP-Snc1p could be detected in wild-type cells, whereas the
ric1Δ mutant showed a strong reduction of the phosphorylated plasma membrane form.
In pik1-101 mutant cells only the lower band could be detected, which is consistent with
the strong internal accumulation of the marker observed by microscopy. In ypt31Δ cells
the abundance of the phosphorylated form was slightly reduced, thus supporting the
microscopy data, which indicate a mild Snc1p recycling defect in this mutant. The results
from this experiment indicate that Pik1p and Ypt31p do not only function in anterograde
transport from the Golgi but might also be involved in retrograde trafficking from early
endosomes to the TGN.
A possible involvement in Snc1p recycling was also tested for the urmylation
genes as a previous large-scale yeast two-hybrid study identified a physical interaction
between Snx41p, which functions in retrieval of Snc1p from early endosomes, and
Uba4p, the protein activation enzyme of Urm1p (unpublished data base information;
available at Yeast Resource Center: www.yeastrc.org). However, no Snc1p recycling
defect could be observed in urm1Δ, uba4Δ and ncs2Δ cells (data not shown).
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Figure 15: GFP-Snc1p recycling is defective in pik1-101 and ypt32Δ mutants
(A) WT (NY1211), pik1-101 (CSY712) and WT (BY4741), ric1Δ (Euroscarf) and ypt31Δ (Euroscarf) cells
were transformed with GFP-Snc1p (pJMG118) or GFP-Snc1p-pem (pJMG122). Transformed cells were
grown in selective medium at 25 C° to early log phase and analyzed by fluorescence microscopy. The
according WT for each strain background is shown. ric1Δ was used as positive control. Note the internal
accumulation of GFP-Snc1p in pik1-101.
(B) The phosphorylation state of GFP-Snc1p in WT (NY1211), pik1-101 (CSY712) and WT (BY4741),
ric1Δ (Euroscarf) and ypt31Δ (Euroscarf) cells was analyzed by Western-blotting using an anti-GFP
antibody.
3.1.2.6 gda1Δ, smi1Δ and pkr1Δ are synthetic lethal with sec4-8
The invertase and CPY transport assays revealed strong trafficking phenotypes in both
the gda1Δ mutant and the smi1Δ mutant, indicating that the according genes might play
an important regulatory role in post-Golgi transport. A defect in CPY transport was also
observed in pkr1Δ. To further investigate a possible involvement of the three genes in
exocytic trafficking, the gda1Δ, smi1Δ and pkr1Δ  mutants were tested for synthetic
interaction with the temperature sensitive exocytosis mutant sec4-8. As shown in figure
16 the gda1Δ sec4-8 and smi1Δ sec4-8 double mutants displayed a severe synthetic sick
phenotype. A synthetic growth defect was also observed for the pkr1Δ sec4-8 double
mutant. These results further support a possible involvement for GDA1, SMI1 and PKR1
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in exocytic transport. No synthetic growth defect could be observed when the sec4-8
mutant was combined with deletion mutants of URM1, UBA4, NCS2 or ELP2, indicating
that the urmylation genes function in a pathway independent of SEC4.
Figure 16: GDA1, SMI1 and PKR1 interact genetically with SEC4
gda1Δ, smi1Δ and pkr1Δ cells (Euroscarf; gene deletions linked to kanamycin resistance marker) were
crossed to the temperature sensitive sec4-8 mutant (NY28). Resulting diploids were transferred to
sporulation medium and incubated at 21°C for 10 days. After sporulation, tetrads were dissected and
haploid progeny were grown at 25°C. Genotypes of haploids were determined by testing for temperature
sensitivity and the ability to grow on geneticin containing medium. Numbers label different tetrads. Double
mutants are indicated by red squares. Note that growth of the sec4-8 single mutant (example indicated by
blue square) is already slightly impaired. In the double mutants the growth defect is however clearly
enhanced.
3.1.2.7 Summary secondary assays
In summary the transport assays revealed that the pik1-101 synthetic lethal screen
identified genes acting in different post-Golgi trafficking routes, including the exocytic
pathway from the TGN to the plasma membrane, the CPY pathway from the TGN to the
vacuole and the early endosome (EE) to TGN retrieval pathway. The pik1-101 mutant
itself was found to exhibit a strong phenotype in Snc1p recycling from early endosomes
to the TGN and deletion mutants of the urmylation genes and the two conserved genes of
unknown function displayed defects in exocytic transport of Gap1*p-GFP. The gda1Δ
and smi1Δ mutants exhibited strong phenotypes in several of the performed assays and
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were also found to be synthetically sick with sec4-8, indicating that they might play a
central regulatory role in post-Golgi transport.
3.1.3 Gga2p is an effector of PI(4)P at the TGN
One goal of the pik1-101 synthetic lethal screen was to identify new effectors of
PI(4)P at the TGN. One such candidate isolated from the screen was the Golgi-localized
monomeric clathrin adaptor Gga2p. The GGA2 deletion mutant was found to exhibit a
synthetic sick phenotype when combined with the pik1-101 mutant. This result was
confirmed by tetrad analysis (see figure 17). Further work performed in the lab revealed
that Pik1p and Gga2p act in a common Golgi-to-endosome pathway. This was concluded
from the finding that pik1-101 and gga2Δ mutants showed similar and synthetic defects
in transport of various cargoes known to be trafficked via this route, including invertase
and the mating pheromone α-factor. By fluorescence microscopy and subcellular
fractionation it could be shown that localization of Gga2p to the TGN requires functional
Pik1p and Arf1p. A synergistic function of PI(4)P and active Arf1p in recruitment of
Gga2p to membranes could be confirmed by liposome recruitment assays (Lars Demmel
unpublished). The pik1-101 synthetic lethal screen thus identified Gga2p as a new PI(4)P
target at the Golgi exit.
Figure 17: PIK1 interacts genetically
with GGA2
SGA analysis of the pik1-101 mutant
allele revealed a synthetic genetic
interaction between PIK1 and GGA2.
This interaction was confirmed by
tetrad analysis as described for figure
16. Haploids were grown at 25°C.
Genotypes were determined by testing
for temperature sensitivity and the
ability to grow on selection medium.
Numbers label different tetrads.
Double mutants are indicated by red
squares.
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3.1.4 YEL048C and YMR010W are conserved in higher eukaryotes
The group of confirmed candidates from the pik1-101 synthetic lethal screen
contained two uncharacterized open reading frames (ORFs). In order to obtain more
information on these ORFs, they were subjected to bioinformatic analysis. Multiple
alignments revealed that YEL048C  is conserved in higher eukaryotes and is the
orthologue of human Hematopoietic Stem/Progenitor Cell protein176 (HSPC176;
accession number AAF29139), a protein of unknown function (figure 18A). Yel048c and
HSPC176 belong to a protein family that is closely related to three TRAPP components
(TRAPPc1, TRAPPc2 and TRAPPc4; see phylogenetic tree fig. 18B). Yel048c is most
closely related to Trs20p, whose human orthologue is called sedlin. Mutations in the
Sedlin encoding gene SEDL are known to cause a progressive skeletal disorder referred
to as spondyloepiphyseal dysplasia tarda (Gedeon et al., 1999). The precise function of
Sedlin is unknown but is has been speculated that it might be required for proper
secretion of collagen (Sacher, 2003). Based on its relation to the TRAPP complex I
renamed the 17kDa Yel048c protein Trs17p for TRAPP subunit 17.
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Figure 18: Yel048c is conserved in higher eukaryotes and is related to TRAPP components
(A) Multiple sequence alignment of Yel048c orthologues. Numbers indicate the total length of the proteins.
Hs, Homo sapiens (AAF29139); Mm, Mus musculus (AAH28502); Xt, Xenopus tropicalis
(NP_001011228); Tn, Tetraodon nigroviridis (CAF99712); Dm, Drosophila melanogaster (NP_610662);
At, Arabidopsis thaliana (NP_565493); Dd, Dictyostelium discoideum (XP_629573); Cb, Caenorhabditis
briggsae (CAE73775); Sp, Schizosaccharomyces pombe (NP_594299);
Sc, Saccharomyces cerevisiae (AA556768)
(B) Phylogenetic tree showing the relationship of the HSPC protein family to three TRAPP components.
(analysis done by Bianca Habermann)
Ymr010w was found to be the orthologue of human PQ-loop repeat containing 1
protein (PQLC1; accession number AAH30140) (figure 19A). It contains two CTNS
domains and a transmembrane domain (figure19B). The CTNS domain is a motif of
unknown function that has also been found between the transmembrane helices of the
mammalian proteins cystinosin (lysosomal membrane protein that is encoded by the
CTNS gene, functions as transporter for cystine) and mannose-P-dolichol utilization
defect1 (MPDU1; implicated in mannose-P-dolichol-dependent mannosylation reactions
in the ER membrane) and the yeast protein Ers1p (orthologue of CTNS). The positioning
of the CTNS repeat in Ymr010w suggests a function in glycosylation (SMART database;
smart.embl-heidelberg.de).
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Figure 19: Ymr010w is conserved in higher eukaryotes
(A) Multiple sequence alignment of Ymr010w orthologues. Numbers indicate the total length of the
proteins. Hs, Homo sapiens (AAH30140); Mm, Mus musculus (AAH43686); Xl, Xenopus laevis
(AAH70652); Tn, Tetraodon nigroviridis (CAG05999), Ce, Caenorhabditis elegans (CAD56571); Sp,
Schizosaccharomyces pombe (CAB11174); Sc, Saccharomyces cerevisiae (AAS56443)
(B) Domain structure of Ymr010w. The protein contains two CTNS domains and a transmembrane domain.
(analysis done by Bianca Habermann)
3.1.5 Trs17p interacts genetically with subunits of the TRAPP
complex
To further examine a possible connection between Trs17p and the TRAPP
complex, I first investigated whether TRS17 exhibits genetic interactions with subunits of
the TRAPP complex. For this purpose, a trs17Δ mutant was crossed to a deletion mutant
of the non-essential TRAPP gene KRE11 and to a temperature-sensitive mutant of the
essential TRAPP gene BET3. After sporulation of diploid cells, spores were subjected to
tetrad dissection and haploid descendants were analyzed for their ability to grow. As
shown in figure 20 kre11Δ,trs17Δ double mutants were inviable and bet3-2,trs17Δ double
mutants exhibited a severe synthetic growth defect at 25°C, the permissive temperature
for the bet3-2 mutant.  These strong genetic interactions provide evidence for a functional
relationship between Trs17p and the TRAPP complex. Interestingly, a recent study also
reported a genetic interaction between Pik1p and two subunits of the TRAPP complex
(Trs33p and Kre11) (Sciorra et al., 2005).
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Figure 20: TRS17 interacts genetically with subunits of the TRAPP complex
TRS17Δ cells were crossed to kre11Δ and bet3-2 mutants and tetrad analysis was performed as described
for figure 16. Haploids were grown at 25°C. Genotypes were determined by testing for temperature
sensitivity (in the case of bet3-2) and the ability to grow on selection medium. Numbers label different
tetrads. Double mutants are indicated by red squares. trs17Δ,kre11Δ double mutants were not obtained,
indicating that the combination of the two mutant alleles is lethal.
3.1.6 Trs17p is a novel subunit of the TRAPP complex
The bioinformatics and genetic results raised the question whether Trs17p is a
novel subunit of the TRAPP complex. In order to address this question, proteins were
purified by tandem affinity purification (TAP) (Rigaut et al., 1999) from cells containing
TAP tagged Bet3p. In parallel, TAP analysis was performed using cells in which Trs17p
was the TAP tagged bait.  Purified proteins were separated by SDS-PAGE and protein
bands were analyzed by mass spectrometry. As expected the protein complex isolated
from Bet3p-TAP cells contained all known subunits of TRAPPII. Moreover, also Trs17p
was isolated in this experiment (figure 21 lane 1). In the reciprocal approach, purification
of TAP-tagged Trs17p also yielded all known subunits of TRAPPII (figure 21 lane 2),
except for Gsg1p. These results demonstrate that Trs17p is indeed a novel subunit of the
TRAPP complex. Interestingly, in both purifications a number of other known membrane
trafficking regulators were detected (figure 22 and table3), including proteins, which are
known to localize to the TGN (e.g. Vps1p, Kex2p, Vps51p), as well as all members of the
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Drs2p family of P-type ATPases apart from Dnf3p (Drs2p, Neo1p, Dnf1, Dnf2) and
several SNAREs (e.g. Snc1p, Snc2p, Sso1p, Sso2p, Tlg1p). Several identified proteins
overlapped between the two experiments, raising the likelihood that these are true
physical interactors of the TRAPP complex (figure 22). It is an intriguing question in how
far the detected trafficking proteins form larger complexes and how they interact with
TRAPP. This issue will be subject to future studies in our lab.
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Figure 21: TRS17 encodes a new subunit of the TRAPP complex
Proteins isolated by tandem affinity purification from Bet3-TAP and Trs17p-TAP cells were seperated by
SDS-PAGE in a 4-16% gradient gel, stained with Coomassie and analyzed by mass spectrometry.
Purification of TAP-tagged Bet3p isolated all known subunits of TRAPP as well as Trs17p. Purification of
TAP-tagged Trs17p isolated all known TRAPP subunits apart from Gsg1p (mass spectrometry done by
Anna Shevchenko).
74
Figure 22: Additional trafficking related proteins isolated from Bet3p-TAP and Trs17p-TAP strains
The same gel is shown as in figure 21. Trafficking related proteins that co-purified with the TRAPP
complex are indicated. Proteins that represent the major components of the indicated bands are in bold.
Proteins that represent minor components of the indicated bands are unbold (mass spectrometry done by
Anna Shevchenko).
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Trafficking related proteins isolated by purification of TAP-tagged Bet3p and
TAP-tagged Trs17p
name function
Tlg1p TGN/endosomal t-SNARE
Sso1p plasma membrane t-SNARE; involved in fusion
of exocytic vesicles
Vps51p component of the GARP/VFT complex
Sar1p GTPase; component of COPII coat
Snc2p v-SNARE involved in Golgi-to-plasma membrane
trarnsport
Tvp18p localized to TGN; function unknown
Sft2p Endosome-to-Golgi retrieval
Drs2p flippase; localized to the TGN
Neo1p member of Drs2p family of P-type ATPases;
presumably involved in Golgi-to-ER retrograde
transport
Pma1p plasma membrane ATPase; known cargo of
LDSVs
Kex1p carboxypeptidase involved in processing of α-
factor precursor; localizes to the Golgi
Sec9p component of exocytic SNARE complex at the
plasma membrane
Vps1p yeast dynamin homologue
Trafficking related proteins only isolated by purification of TAP-tagged Trs17p
name function
Vti1p v-SNARE involved in intra-Golgi and Golgi-to-
vacuole transport
Ykt6p v-SNARE involved in homotypic vacuole fusion
and involved in trafficking to and within the
Golgi
Ypt1p Rab-GTPase involved in transport from the ER to
the Golgi and in intra-Golgi transport
Tvp23p localized to TGN; function unknown
Snc1p v-SNARE involved  in Golgi-to-plasma
membrane transport
Chs3p chitin synthase III
Sso2p plasma membrane t-SNARE; involved in fusion
of exocytic vesicles
Kex2p Endoprotease of TGN; involved in processing of
α-factor
Vps45p Involved in Golgi-to-vacuole transport
Act1p Actin 1; structural constituent of cytoskeleton
Trafficking related proteins only isolated by purification of TAP-tagged Bet3p
name function
Dnf1p member of Drs2p family of P-type ATPases
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Table3: The table summarizes trafficking related proteins that co-purified with the TRAPP complex in the
Bet3p and Trs17p TAP purification experiments (as depicted in figure 22). The indicated functions for the
proteins are based on information available in the YPD (www.incyte.com) and SGD
(www.yeastgenome.org) databases.
3.2 A genome-wide visual screen for new regulators of secretory
transport
It has recently been demonstrated that yeast cells contain two different
populations of secretory vesicles, which are thought to be transported via at least two
distinct exocytic branches to the cell surface (Gurunathan et al., 2002; Harsay and
Bretscher, 1995). However, the molecular machinery at the Golgi, which is responsible
for sorting of secretory cargo into different transport carriers, remains largely
unidentified. One explanation for this might be that previous genetic screens, which were
aimed at identifiying new regulators of sorting and vesicle formation, usually just
monitored general growth defects or followed trafficking of one specific cargo (e.g.
invertase) to the cell surface. However, it now became clear that a transport block in one
pathway can be partially bypassed by rerouting cargo into an alternative undisturbed
pathway. Due to this redundancy it is likely that mutations in non-essential genes
functioning in sorting of cargo and formation of transport carriers cause only weak
phenotypes in cargo trafficking to the cell surface and therefore might have escaped
detection in previous studies. To circumvent this problem, we developed a novel, highly
sensitive screening technique that allows for the detection of subtle transport defects
within the secretory pathway and can be applied on a genome-wide scale. The method
takes advantage of the yeast deletion library and is based on the assumption that defects
in one branch of the secretory pathway result in partial intracellular accumulation of a
GFP-tagged marker protein due to a kinetic delay in sorting of the cargo to an alternative
route, and that these transport defects can be visually scored by microscopy.
3.2.1 Choice of marker proteins for the screen
One of the first tasks in this project was the choice of a suitable marker cargo,
whose transport to the cell surface could be easily followed by microscopy. We decided
to use two different marker cargoes in a pilot study. One of these markers, Fus-Mid-GFP,
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was a C-terminally GFP-tagged chimeric protein consisting of the extracellular domain of
Fus1p (a protein required for mating) and the transmembrane and cytosolic domains of
Mid2p (a sensor of cell wall integrity). Cell surface transport of this marker protein was
previously found to depend on O-glycosylation (Proszynski et al., 2004), and in
fractionation experiments the marker was associated with a detergent resistant membrane
(DRM) fraction. Moreover, in the temperature-sensitive sphingolipid mutant lcb1-100,
Fus-Mid-GFP was not properly transported to the plasma membrane but was instead
mislocalized to the vacuole at the non-permissive temperature. These results suggest that
cell surface delivery of Fus-Mid-GFP depends on lipid-raft association. We used the
chimeric protein as it was more stably associated with the plasma membrane than Fus1p-
GFP. The second cargo we used was Gap1*p-GFP (introduced in paragraph 3.1.2.2.). In
contrast to Fus-Mid-GFP this marker was not associated with DRMs in fractionation
experiments and was also properly localized to the cell surface in the lcb1-100 mutant at
non-permissive temperature (Bagnat and Simons, 2002; Proszynski et al., 2005),
implying that the protein reaches the plasma membrane in a raft-independent manner.
These data suggest that our two markers are transported via two different routes.
3.2.2 Small scale pilot screen (proof-of-principle)
To test the suitability of the markers for genome-wide screening and to classify
phenotypes we first performed a small scale pilot screen. For this purpose we reorganized
312 strains of the yeast deletion library into a new array (in the following referred to as
“pilot array”). We chose strains carrying deletions of genes whose products have
previously been found to localize either to the Golgi apparatus or to endosomes
(according to information available at the SGD (www.yeastgenome.org) and YPD
(www.incyte.com) databases). This group included mutants of genes with a known role in
post-Golgi trafficking. For introduction of the marker proteins into the pilot array, we
first integrated the markers into the genome of α-strains and subsequently crossed these
strains to the deletion mutants in the array.  However, this approach was hampered by
inefficient sporulation of resulting diploids. Therefore we decided to introduce the
markers on centromeric plasmids into the deletion strains. The plasmids carried Fus-Mid-
GFP or Gap1*p-GFP respectively under the control of the inducible GALs promotor. For
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transformation we developed an efficient protocol that allowed for transformation in the
96-well plate format. Transformed cells were grown up overnight and expression of the
GFP-tagged markers was then induced for 3-4 hours by addition of galactose (2% final
concentration). Mutants were screened by individual inspection under the microscope.
3.2.2.1 Fus-Mid-GFP marker
Wildtype cells transformed with the Fus-Mid-GFP marker showed bright labeling
of the plasma membrane and weak labeling of the vacuole. As shown in figure 23
different classes of phenotypes were observed in the deletion strains, which we referred
to as class I-III phenotypes. Mutants showing class I phenotype exhibited dot-like
intracellular accumulation of the marker in addition to plasma membrane labeling. Class
II mutants showed increased vacuolar labeling and reduced plasma membrane labeling,
indicating that the marker was missorted to the vacuolar pathway instead of being
transported to the cell surface. Mutants that we classified type III showed a lack of
vacuolar staining while exocytic transport remained fully functional. This indicates that
these mutants are defective in sorting the marker to the vacuole.
Figure 23: Phenotypes observed using
the Fus-Mid-GFP marker
Wild-type (CSY209) and mutant cells
(Euroscarf) were transformed with Fus-
Mid-GFP and grown overnight at 24°C
in YPRaf medium. Next day, expression
was induced for 4 hours in YP-Raf
containing 2% galactose  (final
concentration) and cells were
subsequently analysed by fluorescence
microscopy. Wild-type cells exhibited
bright staining of the plasma membrane
and weak staining of the vacuole.
Mutants showing phenotype I
accumulated intracellular dots. Class II
mutants exhibited increased vacuolar
staining, while no vacuolar staining
could be observed in class III mutants.
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3.2.2.2 Gap1*p-GFP marker
Wildtype cells transformed with the Gap1*-GFP marker exhibited bright staining
of the plasma membrane and occasionally a few bright dots could be observed inside the
cells. In addition, wildtype cells showed labeling of the ER but not of the vacuole. The
most prominent phenotype observed in the deletion mutants transformed with this marker
was dot-like internal accumulation of the marker protein in addition to plasma membrane
labeling, indicating a transport defect in the exocytic pathway (figure 24). In some
mutants labeling of the vacuole was observed, which indicates missorting of the cargo
protein into the degradative pathway.
Screening the pilot array established the basis for a genome-wide screen. The
phenotypes that we detected in the small scale pilot screen provided proof of principle for
our hypothesis that sorting defects within the exocytic pathway can be detected visually
by microscopy. Fus-Mid-GFP and Gap1*-GFP were both efficiently transported to the
cell surface in wildtype cells, which resulted in robust plasma membrane labeling.
Therefore both markers proofed to be suitable for large-scale screening. The results of the
pilot screen are summarized in table 4 (appendix), including additional phenotypes that
were occasionally detected in some of the mutants.
 For the first genome-wide screen we decided to use the Fus-Mid-GFP marker.
We transformed the Fus-Mid-GFP plasmid into the entire yeast deletion library
(EUROSCARF collection: European Saccaromyces cerevisiae Archives for Functional
analysis, fvhttp://web.unifrankfurt.de/fb15/mikro/euroscarf/index.html), comprising
approximately 4800 deletion strains. Transformants were grown and processed for
microscopy as described for the pilot array (see paragraph 3.2.2.). Each mutant of the
deletion library was individually screened by microscopy. Genome-wide screening was
mainly performed by Tomasz Proszynski and Robin Klemm. The results will be briefly
summarized in the next paragraph for completeness. For more detailed information see
(Proszynski et al., 2005).
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Figure 24: Phenotypes
observed using the Gap1*-
GFP marker
Wild-type (CSY209) and
mutant cells (Euroscarf)
transformed with the
Gap1*-GFP marker were
treated as described in the
legend of figure 23. Wild-
type cells exhibited bright
plasma membrane staining
(A). The most prominent
phenotype observed in
deletion mutants was
intracellular accumulation
of dots (B).
3.2.3 Genome-wide screen using Fus-Mid-GFP as marker cargo
The genome-wide screen revealed a total of 466 mutants that showed phenotype
I-III. The group of strains exhibiting class III phenotype (no vacuolar staining) mostly
contained deletion mutants of genes that have previously been implicated in vacuolar
sorting, function or morphology. This finding strongly supports the selectivity of our
approach. As we were primarily interested in mutations affecting cell surface delivery we
focused on mutants displaying phenotype classes I and II. In total 137 mutant strains fell
into these two categories, including genes involved in ribosome function, translation,
transcription, mitochondrial function, membrane trafficking, cytoskeletal function, lipid
metabolism and genes of unknown function. As this study was aimed to identify
regulators of TGN-sorting and cell surface delivery of exocytic cargo, 24 mutants deleted
in genes known to function in intracellular trafficking or in lipid metabolism as well as
uncharacterized genes were chosen for further analysis. Colocalization experiments were
performed to assess the identity of the compartments at which the Fus-Mid-GFP marker
accumulated in the mutants. Sec7-DsRed was coexpressed in mutant cells to label the
TGN, and DsRed-FYVE domain (PI(3)P-binding domain) was used as an endosomal
marker. Images showing phenotypes of the mutants and results of the colocalization
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studies can be found at http://tds.mpi-cbg.de/yeast. The most striking result of the
genome-wide screen was the identification of several mutants deleted in genes that
function in sphingolipid and ergosterol biosynthesis, providing further evidence that lipid
rafts are involved in cell surface delivery of Fus-Mid-GFP. The screen also identified
mutants representing genes involved in actin organization, Golgi exit and genes of
unknown function. In addition, several mutants of genes involved in vacuolar sorting
were found to display phenotypes I and II.
4. Discussion
Despite growing insight into the molecular mechanisms that direct post-Golgi
trafficking in yeast, a central step in this process, the formation of different classes of
secretory vesicles at the TGN, and the sorting of cargoes into these vesicles, remains
poorly understood. I here presented two screening approaches that were aimed at
identifying new regulators of secretory transport in yeast: a screen for mutants that
exhibit a synthetic growth defect when combined with a temperature-sensitive mutant
allele of PIK1 and a newly developed visual screening approach.
4.1 SGA analysis of pik1-101
4.1.1 SGA analysis indicates an involvement of Pik1p in anterograde
and retrograde post-Golgi transport pathways
SGA analysis of PIK1 identified a total of 90 gene deletions that were either
synthetically sick or lethal in combination with the pik1-101 mutant. 21 candidate genes
isolated in the study were used for further analysis. Synthetic lethal/sick interactions are
known to occur between genes acting in the same pathway or in parallel pathways
(Hartman et al., 2001). In agreement with the previously described role for Pik1p in Golgi
secretory function, several known regulators of membrane trafficking were isolated. This
group included genes known to act in TGN exit (VPS1, YPT31, GGA2) (Benli et al.,
1996; Black and Pelham, 2000; Gurunathan et al., 2002) as well as genes that function in
endosome to TGN retrieval, such as components of the GARP/VFT complex (VPS51,
VPS54) (Bensen et al., 2001; Conibear et al., 2003; Conibear and Stevens, 2000;
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Siniossoglou and Pelham, 2001; Siniossoglou and Pelham, 2002) and YPT6 and RIC1,
which are required for proper localization of GARP/VFT (Siniossoglou and Pelham,
2001). The data obtained support an involvement of Pik1p in anterograde cargo transport
from the TGN and indicate that the kinase might also be involved in retrograde
trafficking from endosomes. To directly investigate a possible function of Pik1p in
retrograde transport, retrieval of Snc1p from early endosomes to the TGN was evaluated
in the pik1-101 mutant, as well as in a number of other mutants isolated in the screen. The
pik1-101 mutant exhibited a strong defect in Snc1p recycling. A milder defect could also
be observed in the ypt31Δ mutant. It is thus an interesting possibility that Pik1p and
Ypt31p exert a direct function in retrieval of retrograde vesicles to the TGN. The
observed Snc1p recycling defect might however also be an indirect effect of disturbed
anterograde trafficking in the mutants, which might for example lead to disruption of
endosome integrity, thus impeding proper retrieval of Snc1p to the TGN. It is also
conceivable that Pik1p and Ypt31p have a direct function at the early endosome, however
considering the predominant localization of the proteins to the Golgi (Benli et al., 1996;
Walch-Solimena and Novick, 1999) this possibility seems less likely.
While work on this project was in progress, another lab published an SGA
analysis using a different PIK1 mutant allele (pik1-139) as query strain. The pik1-139
mutant, like pik1-101, carries a mutation within the catalytic domain of the kinase,
causing a defect in PI(4)P synthesis. In that study, 33 deletion mutants were found to be
synthetic lethal with pik1-139 (Sciorra et al., 2005). Six genes identified by Sciorra et al.,
namely YPT31, VPS1, VPS51, SAC6, SMI1 and PKR1 were also isolated in my screen.
The fact that these genes were independently isolated in a second study confirms the
efficiency of my screen. Differences in the results obtained from my work and the work
of Sciorra et al. might largely be due to the different mutant alleles that were used in the
two screens. In agreement with my data the authors (Sciorra et al., 2005) reported a
requirement of Pik1p and Ypt31p for Snc1p recycling. The Snc1p transport defect could
however only be detected in a pik1-139,ypt31Δ double mutant and not in the respective
single mutants, which is a difference to my results. This discrepancy is most likely due to
the use of different strain backgrounds. Sciorra et al. also observed a defect in targeting of
Chs3p to the bud neck in the pik1-139 and ypt31Δ single mutants and the pik1-139,
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ypt31Δ double mutant. This is consistent with delocalized chitin staining in the pik1-101
and ypt31Δ mutants that was observed in my study. I also detected a strong invertase
secretion phenotype in the ypt31Δ mutant (31% reduction of invertase secretion) which
was similar to the one observed for the pik1-101 mutant (37% reduction of invertase
secretion). The similar and pronounced phenotypes for ypt31Δ and pik1-101 in Snc1p
recycling, Chs3p targeting and invertase secretion strongly suggest a functional
interaction of Pik1p and Ypt31p at the TGN, possibly in both anterograde and retrograde
transport pathways.
4.1.2 Rab GTPase interactions
The mammalian homologues of Pik1p and Ypt31, PI(4)KIIIβ and rab11, have
been shown to interact physically (de Graaf et al., 2004). What might be the functional
significance of a direct interaction between the two proteins? In mammalian cells it has
been demonstrated that the small GTPase Rab5 is involved in recruitment of the
PI(3)kinase hVPS34 to endosomes (Christoforidis et al., 1999; Murray et al., 2002). In
analogy, it would thus be possible that Ypt31p functions in the recruitment of Pik1p to
the Golgi. However, it has recently been shown that Pik1-GFP remains associated with
the Golgi in a ypt32Δ,ypt31ts double mutant, indicating that Ypt31p/Ypt32p is not
required for recruitment of Pik1p. Moreover the same study demonstrated that Ypt31p
does not regulate Pik1p activity (Sciorra et al., 2005). The mechanism of the Ypt31/Pik1p
interaction and Pik1p TGN recruitment therefore remains to be further investigated.
Another rab GTPase that was isolated in the PIK1 synthetic lethal screen was Ypt6p.
Ypt6p has also been shown to localize to the TGN (Siniossoglou et al., 2000) and, in its
activated form, is required for proper localization of the GARP/VFT complex to the
Golgi (Siniossoglou and Pelham, 2001). The ypt6Δ mutant showed a strong decrease in
invertase secretion (36% decrease of invertase secretion) and was also found to secrete
CPY, indicating that depletion of Ypt6p also affects anterograde post-Golgi transport. A
possible function for Ypt6p in the secretory pathway is supported by a previous study in
which a temperature sensitive ypt6 mutant strain was found to exhibit defects in CPY
maturation and in secretion of invertase at the nonpermissive temperature (Li and
Warner, 1996). In contrast, a third study reported efficient glycosylation and secretion of
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invertase in a ypt6Δ mutant strain (Bensen et al., 2001). Despite these differences which
might be due to differences in strain backgrounds, Ypt6p thus could play a role in
secretion. It is possible that Ypt6p instead of Ypt31/32p is the rab protein at the TGN that
functions in recruitment of Pik1p. It could also be imagined that Ypt6p together with
PI(4)P is required for localizing the GARP/VFT complex to the TGN.  This is a
particularly interesting possibility, as it would also provide an explanation for the
impairment of Snc1p retrieval in the pik1-101 mutant. Further work will be necessary to
test these hypotheses.
4.1.3 Glycosylation, cell wall integrity signaling and actin polarization
Two other very interesting genes among the confirmed PIK1 genetic interactors
are GDA1 and SMI1. The gda1Δ and smi1Δ mutants both secrete CPY and were clearly
defective in invertase secretion, suggesting an involvement of the according genes in
biosynthetic transport from the Golgi. This is further supported by the strong synthetic
interaction of both deletion mutants with a temperature sensitive allele of SEC4.
Moreover, both mutants exhibit a defect in the polarity of chitin deposition, which
indicates an impairment of polarized transport of Chs3p to the mother-bud neck. GDA1
encodes a Golgi-localized guanosine diphosphatase, which converts GDP to GMP. GDP
is generated upon mannosylation of proteins and lipids in the Golgi lumen, a reaction that
uses GDP-mannose as donor. GMP generated from GDP through the action of Gda1p is
thought to exit the Golgi lumen via an antiporter allowing for entry of additional GDP-
mannose. According to the function of Gda1p, gda1Δ mutant cells were found to exhibit
defects in O- and N-glycosylation of different proteins, including CPY. In addition,
invertase was underglycosylated in the mutant and a reduction of
mannosylinositolphosphorylceramide levels was observed (Abeijon et al., 1993). In
polarized epithelial cells it has been shown that protein glycosylation functions as a
sorting determinant for delivery of cargo to the apical membrane (Gut et al., 1998;
Spodsberg et al., 2001; Yeaman et al., 1997). In yeast, O-glycosylation is required for
proper cell surface delivery of Axl2p (Sanders et al., 1999), a protein functioning in bud
site selection, and Fus1p, which is involved in cell fusion during mating (Proszynski et
al., 2004). Our visual screening project revealed defects in vacuolar transport in several
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mutants of genes that are involved in N-glycosylation, (e.g. mnn10, mnn11, anp1 and
mnn9), indicating that N-glycosylation is involved in TGN-to-vacuole delivery
(Proszynski et al., 2005). The trafficking defects observed in the gda1Δ mutant might
therefore, at least in part, be due to defects in protein and lipid glycosylation. Taken
together, the synthetic growth defects of gda1Δ pik1-101 and gda1Δsec4-8 double
mutants indicate a role for glycosylation in Pik1p-dependent secretion or in a post-Golgi
trafficking pathway that acts in parallel to a Pik1p-dependent route.
Smi1p (also called Knr4p) was found to physically interact with the Slt2p MAP
kinase, a component of the PKC1-SLT2 MAP kinase signaling pathway, which is
required for proper cell wall construction (Martin-Yken et al., 2003). Data from SGA
analysis, two hybrid studies and tandem affinity purification imply an involvement of
Smi1p in coordination of cell wall maintenance, polarity/bud emergence and cell
cycle/mitosis. It has been suggested, that Smi1p might be a linker between the cell wall
integrity pathway and the polarisome, which directs secretory vesicles along the polarized
actin cytoskeleton during polarized growth. Among the interactors of Smi1p isolated by
tandem affinity purification were two proteins, Bud6p (component of the polarisome) and
Act1p (actin), which are involved in actin polarization (Basmaji et al., 2006). It is
therefore plausible that Smi1p has a role in establishing and/or maintaining actin
polarization. This offers a possible explanation for the synthetic sick phenotype of the
smi1Δ ,pik1-101 double mutant. The Pik1p mutant exhibits a depolarized actin
cytoskeleton (Walch-Solimena and Novick, 1999) and it could thus be that the double
mutant is heavily impaired in polarized transport of secretory vesicles due to a synthetic
actin polarization defect. An actin related function for Smi1p is also consistent with the
previous observation that deletion of SMI1 is synthetic lethal when combined with a
mutant allele of MYO2 (Tong et al., 2004). Another actin cytoskeleton related gene that
was isolated by the pik1-101 SGA analysis is SAC6. Sac6p is an actin filament bundling
protein (orthologue of mammalian fimbrin), which is essential for the maintenance of a
polarized actin cytoskeleton (Adams et al., 1995; Karpova et al., 1995). In agreement
with this function, the SAC6 deletion mutant exhibited strong defects in invertase
secretion and in chitin deposition.
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4.1.4 PIK1 interacts genetically with PKR1
PKR1, another genetic interactor of PIK1 isolated in my screen, exhibited a weak
CPY secretion phenotype and also exhibited a mild synthetic growth defect when
combined with the sec4-8 mutant ,suggesting a role for PKR1 in secretory trafficking. Up
to now the function of this evolutionary conserved gene is largely unknown. In high-
throughput studies, Pkr1p was localized to the ER (Huh et al., 2003; Kumar et al., 2002).
Interestingly, Pkr1p was found to bind to PI(4,5)P2 in an in vitro high-throughput assay
using proteome chips (Zhu et al., 2001a). Further work will be necessary to investigate a
possible involvement of this protein in a trafficking related process.
4.1.5 SGA analysis isolates GGA2, a novel effector of PI(4)P at the
Golgi
One goal of the SGA analysis was to identify new effectors of PI(4)P. One such
candidate isolated by the screen was the monomeric clathrin adaptor Gga2p. Adaptor
proteins are known to be effectors of phosphoinositides. In the mammalian system it has
for example been shown that AP1 is an effector of PI(4)P (Wang et al., 2003). Based on
the finding that Gga2p interacts genetically with Pik1p, further work performed in our lab
demonstrated that pik1-101 and gga2Δ mutants exhibit common and synthetic membrane
trafficking phenotypes. Fluorescence microscopy and subcellular fractionation revealed
that functional Pik1p is required for localization of Gga2p to the TGN. An involvement
of PI(4)P in recruitment of Gga2p to the Golgi could also be demonstrated by liposome
recruitment assays (Demmel et al. submitted). The pik1-101 synthetic lethal screen thus
proofed to be a suitable tool for the isolation of new PI(4)P effectors.
4.1.6 PIK1 interacts genetically with the urmylation pathway
The most surprising result of the PIK1 synthetic lethal screen was the isolation of
several genes that are involved in a potential post-translational modification pathway
referred to as urmylation pathway. pik1-101 exhibited a strong synthetic sick phenotype
with deletion mutants of the ubiquitin-related protein modifier Urm1p as well as its
protein activation enzyme (E1) Uba4p. Moreover deletion of two genes that have
previously been shown to decrease the levels of potential targets of Urm1p, namely NCS2
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and ELP2, also showed synthetic growth defects when combined with pik1-101.
YNL120C, which overlaps with NCS2 on the other DNA strand was also isolated. The
unbiased pik1 SGA screen thus identified 4 out of 7 genes that have been implicated in
urmylation, indicating an involvement of the urmylation genes in a Pik1p-dependent
pathway. It was previously reported that mutants carrying deletions in one of the
urmylation pathway genes are unable to invade agar, a response of yeast cells to nutrient
starvation conditions (Gagiano et al., 2002). These mutants were also found to exhibit
genetic interaction with the TOR pathway (Fingar and Blenis, 2004), a signaling cascade,
which regulates growth in response to nutrients. Loss of the urmylation pathway genes
also causes sensitivity to the antibiotic rapamycin, which is known to be an inhibitor of
Tor1p and Tor2p, two kinases of the TOR pathway. Based on these results it was
proposed that the urmylation pathway plays a role in nutrient signaling (Goehring et al.,
2003b). An involvement for Urm1p in trafficking-related pathways has not yet been
suggested. Interestingly, all genes that up to now have been implicated in urmylation are
essential in mutants lacking the PAK (p21-activated kinase)-like kinase Cla4p (Goehring
et al., 2003a; Goehring et al., 2003b). In my screen, CLA4 was also identified as a genetic
interactor of PIK1. Cla4p contains a PH domain and is an effector in a cell and actin
cytoskeleton polarization pathway regulated by the Rho-type GTPase Cdc42p. Cla4p is
thought to localize to sites of polarized growth (tip of emerging bud) by binding the
plasma membrane pool of PI(4)P via its PH domain and subsequently interacting with
Cdc42p (Wild et al., 2004). The exact role of Cla4p in cytoskeleton polarization is not
clear. Permeabilized cla4Δ mutants exhibit strong defects in actin-assembly activity,
suggesting that Cla4p is involved in actin nucleation (Eby et al., 1998). Cla4p has also
been implicated in a negative feedback loop that restricts polarized growth (Gulli et al.,
2000). The genetic interaction of the urmylation genes with CLA4 might indicate a
possible involvement of the urmylation pathway in cell polarity establishment and/or
actin cytoskeleton organization. Such a function for the urmylation genes might also
explain their genetic interaction with the TOR pathway, which is also involved in
regulation of actin cytoskeleton organization (Levin, 2005).
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Deletion mutants of all urmylation pathway genes as well as CLA4 are also
synthetically lethal when combined with a temperature sensitive allele of MYO2 (Tong et
al., 2004), which encodes the myosin motor that moves secretory vesicles along actin
cables to sites of polarized growth (Bretscher, 2003). A synthetic growth defect with a
mutant allele of MYO2 was also reported for the pik1-101 mutant (Walch-Solimena and
Novick, 1999). pik1-101 has previously also been shown to exhibit defects in actin
polarization (Walch-Solimena and Novick, 1999) and in the course of this study a genetic
sick interaction could be detected between pik1-101 and cla4Δ. The common genetic
interactions observed for the urmylation genes and PIK1 support an involvement in a
common pathway. An involvement in cytoskeleton organization has previously been
described for PI(4,5)2 that is generated from the plasma membrane PI(4)P pool generated
by Stt4p (Audhya et al., 2000). Cla4p has been demonstrated to bind to PI(4)P at the
plasma membrane and accordingly it mislocalized in temperature sensitive stt4 mutant
cells. Loss of Pik1p function did not influence proper localization of Cla4p (Wild et al.,
2004). With regard to the actin polarization defects in the pik1-101 mutant it is still
plausible that Pik1p function is required for proper establishment of polarized growth and
that this process also involves proteins encoded by the urmylation genes. Another hint for
a possible function of the urmylation pathway comes from the finding that Uba4p
interacted physically with Snx41p in a yeast two hybrid assay (unpublished data;
information can be found in the yeast resource center database at: www.yeastrc.org).
These data however were generated in a high-throughput experiment and require further
confirmation. The endosome localized sorting nexin Snx41p is required for retrieval of
Snc1p from PGEs to the TGN (Hettema et al., 2003). It is therefore possible that
urmylation functions in retrograde transport from endosomes. Protein modification by
ubiquitin has been shown to direct cargo destined for degradation from the Golgi to
endosomes and into multivesicular bodies. In analogy, urmylation might be a sorting
signal that directs cargo into the retrieval pathway. However the Snc1p recycling assay
described herein did not reveal any defects in Snc1p recycling for the urmylation
mutants. Instead, the mutants (except for uba4Δ) rather exhibited defects in transport of
the exocytic marker Gap1*p -GFP, a phenotype that was also found for the pik1-101
mutant. This indicates a requirement for the urmylation pathway in exocytic transport.
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It is possible that Urm1p like ubiquitin is a sorting determinant that promotes
sorting of certain cargoes into dinstinct trafficking routes or alternatively modifies
components of the sorting machinery. It however has to be mentioned that no defects in
invertase secretion and no CPY secretion phenotype were observed in the urmylation
mutants, which indicates that the urmylation genes are either only required for transport
of a subset of exocytic cargo, or, as they are nonessential genes, that their function can be
partially taken over by a redundant mechanism. In order to further investigate a possible
function for the urmylation pathway in membrane trafficking and to understand its
genetic interaction with PIK1 it will be important to identify targets of Urm1p. This work
is currently ongoing in our lab. As the urmylation pathway is conserved in higher
eukaryotes, the results of these experiments will also be of relevance in the mammalian
system.
4.1.7 Trs17p is a new component of the TRAPP complex
The group of confirmed candidates from the pik1 synthetic lethal screen contained
two genes of unknown function, YMR010W and YEL048C. We found that both genes are
conserved in higher eukaryotes. The proteins encoded by the two genes have previously
been localized to the Golgi in a high-throughput study (Huh et al., 2003). I could show in
this work that YEL048C, which I renamed TRS17, encodes a new subunit of the TRAPP
complex. The genetic interaction between PIK1 and TRS17 indicates a functional
relationship between the encoded proteins. This is consistent with data recently published
by Sciorra et al. These authors report synthetic genetic interaction between another pik1
mutant allele, pik1-139, and deletion mutants of the TRAPPII subunits TRS33 and
KRE11. They could also demonstrate that overexpression of an activated mutant of
Ypt31p results in suppression of the growth and trafficking phenotypes exhibited by
various TRAPPII mutants. From this result they concluded that the TRAPP complex acts
upstream of Ypt31p, potentially functioning as an activator of Ypt31p (Sciorra et al.,
2005).
In agreement with these findings, a previous study had suggested that TRAPP
functions as a GEF for Ypt31p/32p (Jones et al., 2000). This hypothesis however remains
controversial (Wang and Ferro-Novick, 2002). As my screen identified Trs17p and
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Ypt31p as genetic interactors of pik1-101, my data would be consistent with a model in
which Pik1p, TRAPP and Ypt31p function in the same signaling cascade. At the current
stage it can however not be excluded that Ypt31p and TRAPP act in a step parallel to
Pik1p function.
Up to now it is not known how the TRAPP complex is localized to the TGN. It is
conceivable that PI(4)P generated by Pik1p functions in recruitment of TRAPPII to the
TGN. The TRAPP complex might then exert its GEF activity on Ypt31p/32p, thereby
activating the rab GTPase, which in turn would then interact with its downstream
effectors. Future experiments will be necessary to investigate whether such a model holds
true. Currently it remains unknown whether Trs17p is a subunit specific for TRAPPII. Its
described localization to the TGN would support such a model. The precise molecular
function of TRAPPII at the TGN remains elusive. Data obtained with both trs120 and
trs130 mutants suggest a function in retrograde transport from early endosomes to the
TGN (Cai et al., 2005). In addition trs130 but not trs120 mutants exhibit defects in
anterograde post-Golgi transport (Cai et al., 2005; Sacher et al., 2001). The Gap1*-GFP
transport phenotype observed in trs17Δ supports a function for TRAPP in anterograde
transport from the TGN. In agreement with this, trs130 mutants have previously been
shown to accumulate Golgi modified froms of CPY and invertase (Sacher et al., 2001).
While CPY processing has not yet been investigated in the trs17Δ mutant, neither a block
in invertase secretion nor a CYP missorting phenotype could be observed in the mutant in
this study. This could be explained by the fact that Trs17p is a nonessential subunit of the
TRAPP complex and that single deletion of the gene might therefore not result in any
detectable phenotypes in these assays. Additional transport assays will be performed to
further investigate an impact of TRS17 deletion on anterograde or retrograde post-Golgi
transport pathways.
It has been shown herein that Trs17p is closely related to Trs20p. It is interesting
to note that mutations in sedlin, the human orthologue of Trs20p, are the cause for a
skeletal disorder called spondyloepiphyseal dysplasia tarda (SEDL) (Gedeon et al., 1999).
It is not known, which molecular process is disturbed by mutations in sedlin, but it has
been suggested, that sedlin function might be required for collagen secretion. SEDL is
manifested in dyslasia of the large joints, meaning that although sedlin is ubiquitously
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expressed, the disorder is tissue specific. It has been speculated that this might be due to
different TRAPP subunit composition between tissues (Sacher, 2003). However, so far
there is no experimental evidence supporting such a model. It is however plausible that
other proteins can partially take over sedlin function in certain tissues, thus rescuing the
phenotype.
Our bioinformatical analysis implies that HSPC176 is the human homologue of
Trs17p. A next step will be to verify this experimentally. This can be done in a
complementation experiment, testing whether HSPC176 rescues the growth defect of the
trs17Δ,pik1-101 double mutant.It would then be interesting to investigate whether
depletion of HSPC176 causes any trafficking defects in mammalian cells and in general
whether defects in sedlin and HSPC176 result in common phenotypes.
4.1.8 TRAPP interacts physically with known trafficking regulators
Tandem affinity purification using TAP-tagged Bet3p and Trs17p as baits
revealed that Trs17p is a new subunit of the TRAPP complex. Moreover, both
purifications also resulted in the isolation of additional regulators of post-Golgi
membrane trafficking. Several of these proteins were precipitated with both Bet3p-TAP
and Trs17p-TAP, indicating that they are specific interactors of TRAPP.  The group of
proteins that co-purified with TRAPP in the TAP experiments contained four out of five
known members of the Drs2p family of P-type ATPase (Drs2p, Neo1p, Dnf1p and
Dnf2p) and several SNAREs. In addition, known cargoes of secretory vesicles, such as
Pma1p and Chs3p, were isolated.  Based on the obtained data, it is possible that the
TRAPP complex (presumably TRAPPII as its components have been shown to localize to
the TGN (Cai et al., 2005)) plays a role in the formation of secretory vesicles at the Golgi
and/or in sorting of cargoes into these vesicles. The interaction with other regulators of
anterograde trafficking from the Golgi, e.g. Vps1p or Drs2p might indicate that TRAPPII
is part of a larger sorting complex at the Golgi. Sciorra et al. identified Drs2p, a Golgi-
localized flippase that has been implicated in formation of secretory vesicles, as a genetic
interactor of Pik1p (Sciorra et al., 2005). Drs2p was not identified in my screen, however
I found Drs2p as well as Neo1p, Dnf1p and Dnf2p as physical interactors of the TRAPP
complex. The functions of Neo1p, Dnf1p and Dnf2p have not been extensively studied.
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Dnf1p and Dnf2p are thought to function in flipping aminophospholipids across the
plasma membrane (Pomorski et al., 2003) and have also been found to be involved in
early endosome to TGN retrieval (Hua et al., 2002). Neo1p has been implicated in ER-to-
Golgi retrograde transport (Hua and Graham, 2003). The data presented here indicate an
involvement of all these proteins in a TRAPP dependent vesicular transport step.
As TRAPPI and TRAPPII share 7 out of 10 subunits, the TAP experiment must
be expected to isolate interactors of both subcomplexes. TRAPPI has previously been
implicated in the regulation of ER-to-Golgi transport (Sacher et al., 2001). Several of the
proteins that co-purified with TRAPP, such as Sar1p and Ypt1p are known regulators of
this transport step, a finding that further supports a role for TRAPP in ER-to-Golgi
anterograde transport. The TAP experiments also isolated the GARP/VFT subunit
Vps51p and the late Golgi SNARE Tlg1p. The GARP/VFT complex, which functions in
tethering of endosome-derived retrograde vesicles to the TGN, is known to interact with
Tlg1p via its Vps51p subunit. The mechanism behind this interaction is not yet
understood, but presumably is necessary for fusion of incoming vesicles with the TGN
(Conibear et al., 2003; Reggiori et al., 2003; Siniossoglou and Pelham, 2002). In addition,
another protein identified in the TAP experiment, Sft2p, has previously been proposed to
act in fusion of endosome-derived vesicles with the Golgi, possibly in cooperation with
Tlg1p and or Tlg2p (Conchon et al., 1999). An involvement in retrograde transport from
early endosomes has recently also been suggested for TRAPPII (Cai et al., 2005), and
therefore it is possible that the TRAPPII complex exerts this function in cooperation with
the GARP/VFT complex and with Tlg1p and possibly also with Sft2p. If this is the case,
it will be interesting to ask whether GARP/VFT and TRAPPII function together in
tethering the same kind of vesicles to the TGN, or whether each complex  specifically
retrieves a certain population of vesicles, e.g. vesicles derived from the PGE versus
vesicles derived from the PVC.
Taken together, the proteins isolated by purification of TAP-tagged Bet3p and
TAP-tagged Trs17p support a function for TRAPP in ER-to-Golgi transport and also
suggest an involvement of the complex in anterograde transport from the TGN and
presumably also in retrograde transport from endosomes to the TGN. However, further
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experiments will be necessary to investigate the functional interplay of the isolated
trafficking proteins in cargo transport. It is an intriguing question, in how far the proteins
are part of a larger sorting complex at the TGN. Additional TAP experiments using a
selection of the identified proteins as baits should provide further insight into this
question. This work is currently ongoing in our lab.
4.1.9 Conclusion I
Up to now SGA analysis has almost exclusively been used for deletion mutants of
nonessential genes. I here successfully applied this technique for screening of a
temperature sensitive mutant allele of an essential gene. The results obtained by pik1-101
SGA analysis indicate an involvement of Pik1p in multiple pathways. The data support a
function for Pik1p in anterograde transport from the Golgi and suggest that the PI-kinase
might also be required for retrograde trafficking to the TGN. A key finding was the
genetic interaction of Pik1p with the urmylation pathway. Further experiments will be
undertaken to clarify the relevance of this finding and to analyse the function of this
novel posttranslational modification pathway.
One of the genetic interactors of Pik1p was found to be a new subunit of the
TRAPP complex. Together, the data obtained in this work suggest a functional interplay
of Pik1p, Ypt31p and TRAPP in regulating trafficking at the TGN. This is in agreement
with a study that in parallel was performed by another lab (Sciorra et al., 2005). The
TRAPP complex was found to physically interact with several known regulators of
secretory transport, indicating that TRAPP plays a central role in cargo sorting and
vesicle formation at the TGN and also suggesting that the identified proteins might be
part of a larger sorting complex that directs trafficking events at the late Golgi. Taken
together, my data are consistent with a model in which PI(4)P generated by Pik1p
functions as an organelle marker of the Golgi, recruiting multiple effectors. We could
show that Gga2p represents one effector of PI(4)P at the TGN. Other possible candidates
for PI(4)P effectors are the TRAPP and the GARP/VFT complexes. Whether these
complexes are also recruited to the Golgi by PI(4)P will be subject to future
investigations.
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4.2 Visual screen
4.2.1 Development of a visual screening approach for new regulators
of post-Golgi transport
Genetic screens in the past were mostly unsuccessful in unraveling the molecular
machinery that is involved in vesicle budding and cargo sorting at the Golgi. These
screens were usually designed to detect a block in invertase secretion or a general growth
defect of mutant cells. However, it now became clear that there are at least two different
exocytic branches in yeast and that a block in one of the pathways can be rescued by
shifting cargo, such as invertase, into the other pathway (Gurunathan et al., 2002; Harsay
and Schekman, 2002).
We successfully developed a new screening method that circumvents this
problem. We postulated that a kinetic delay in sorting a GFP-tagged marker protein could
be detected under the microscope as intracellular accumulation of the protein. This
hypothesis could be confirmed by performing a small-scale pilot study, using Fus-Mid-
GFP and Gap1*p-GFP as model cargoes. While the markers were transported to the cell
surface in wild-type cells, many mutants that carried deletions of known membrane
trafficking genes, such as e.g. YPT32 (encoding rab11 homologue) or CCZ1 (encoding a
protein that is involved in Golgi-to-vacuole transport and homotypic vacuole fusion)
exhibited internal accumulation of the marker(s) in addition to plasma membrane
labeling. These results indicate that cell surface transport was disturbed but not
completely abolished in the mutant cells and supports the notion that cargo can be shifted
into an alternative route for exocytosis. Our approach was thus sensitive enough to detect
minor defects in exocytic transport. Wild-type cells transformed with the Fus-Mid-GFP
marker also exhibited staining of the vacuole. This turned out to provide a useful means
for the isolation of vacuolar sorting mutants. We classified mutants that lacked vacuolar
staining as “phenotype III mutants”. Many of these mutants isolated in both the pilot
study and the genome-wide screen, e.g. vps54Δ or vps1Δ, have previously been described
to function in transport to the vacuole (Bonangelino et al., 2002; Rothman and Stevens,
1986).
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The markers used for visual screening are presumably sorted by different
mechanisms. While the Fus-Mid-GFP marker was found by fractionation experiments to
be associated with a detergent resistant membrane fraction, Gap1*-GFP was not
associated with DRMs (Bagnat and Simons, 2002; Proszynski et al., 2005). This indicates
that transport of Fus-Mid-GFP is raft-dependent, while Gap1p*-GFP is presumably
transported in a raft-independent manner. In order to learn more about the two exocytic
branches and their regulation it will be a challenge for future experiments to further
investigate which cargoes travel along which exocytic pathway. So far, the only cargoes
identified for HDSVs are invertase and acid phosphatase, whereas LDSVs have been
found to contain Pma1p and Bgl2p (Harsay and Bretscher, 1995). The fact that Fus-Mid-
GFP, like Pma1p, is associated with DRMs might be a first indication that the two
proteins travel along the same route, which is presumably different from the route taken
by Gap1*-GFP.
The key finding from the genome-wide visual screen was the identification of
several mutants that were defective in sphingolipid and ergosterol biosynthesis, further
indicating that lipid rafts are involved in cell surface transport of certain cargoes.
Surprisingly, there is no overlap between the genes showing phenotypes I and II in the
visual screen and the genes isolated by the pik1-101 synthetic lethal screen. It is possible
that Fus-Mid-GFP is transported in a Pik1p independent manner. However, it is more
likely that the differences are due to the different methods that were used in both screens.
YPT31, GDA1, VPS51, SMI1 and YEL048C were found in the small-scale visual screen
(pilot study) to exhibit mild accumulation of the Fus-Mid-GFP marker, indicating that
some of the genes identified in the synthetic lethal screen did indeed also exhibit a
phenotype in the visual approach. However, it is likely that these phenotypes were not
pronounced enough to be re-identified in the genome-wide visual screen.
4.3 Conclusion II
In conclusion, both the newly developed visual screening method and the pik1-
101 SGA analysis presented in this work proofed to be suitable approaches for the
identification of post-Golgi trafficking regulators. Both methods can now be expanded to
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further markers/mutants to obtain a comprehensive list of proteins involved in this
process. In addition, it will also be important for future investigations to combine the
genetic approaches with proteomic analysis, in order to gain better understanding of the
protein complexes involved in TGN sorting and TGN-to-endosome transport and to
reveal their interactions amongst each other as well as with regulators of other cellular
processes. In this work, a successful step into this direction was done by combining the
pik1-101 SGA analysis with tandem affinity purification of TAP-tagged TRAPP subunits.
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5. Material and Methods
5.1 Material
5.1.2 Chemical, reagents and kits
All standard chemicals and reagents were purchased from Merck, Sigma, Fluka
and Roth. Additional chemicals and reagents as well as enzymes, protein markers, DNA
ladder or kits were purchased from the following companies:
Amersham ECL
IgG Sepharose™ 6 Fast Flow
RPN756 Rainbow colored protein MW marker
Applied Biosystems Taq-polymerase
Bio 101 Systems CSM amino acid mix
Yeast Nitrogen Base w/o Amminioum Sulfate
Gibco BRL Geneticin (G418)
ICN Biomedicals Zymolase T-100
Invitrogen 1 kb Ladder
Agarose (electrophoresis grade)
Salmon Sperm DNA
Machery-Nagel NucleoSpin® Plasmid Quick Pure
Merck 37% Formaldehyde solution
Paraformaldehyde
New England Biolabs DNA Pol I Large Fragment (Klenow)
dNTPs (100mM each)
Prestained Protein Marker, Broad Range
Restriction Enzymes
T4 ligase
T4 Polymerase
Pierce BCA Protein Assay kit
Qiagen QIAprep® spin miniprep mini kit
QIAquick® spin PCR purification kit
Roche ATP
Complete™ Protease inhibitor mix
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Expand™ High Fidelity PCR System
Expand Long Template PCR System
GDP/GTP
Pepstatin
Severn Biotech Ldt. Acrylamide (40%)
Acrylamide/ Bisacrylamide stock solutin (30%/0.8%)
Bisacrylamide (2%)
Sigma Ammonium persulfate
Ampicillin
DTT
Ethidiumbromide stock solution (1%)
Fluorescent Brightener 28 (Calcofluor white)
Glucose Oxidase solution
IPTG
Kanamycin
Lyticase
N-Ethylmaleimide
NP-40
O-Dianisidine
Peroxidase
PMSF
Poly-lysine
Ponceau S
TEMED
Triethanolamine
Triton X-100
Tween 20
X-Gal
β-mercaptoethanol
Stratagene Calmodulin Affinity Resin
Salmon Sperm DNA
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5.1.3 Antibodies
monoclonal antibodies:
α - GFP Roche
polyclonal antibodies:
α - Adh1p Chemicon International, Inc.
α - Prc1 (CPY) Peter Novick, Yale University
secondary antibodies:
HRP conjugated goat α -mouse Pierce
HRP conjugated goat α -rabbit Dianova
5.1.4 Culture Media
LB 1% Tryptone
0.5% Yeast Extract
0.5% NaCl                             pH 7.5
1.2% Agar (for plates)
LBAmp LB medium + 100 µg/ml Ampicillin
LBKan LB medium + 50 µg/ml Kanamycin
SOC 2% Tryptone
0.5% Yeast Extract
10 mM NaCl
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10 mM MgCl2
10 mM MgSO4
2.5 mM KCl
20 mM Glucose
YPD 1% Bacto Yeast Extract
2% Bacto Peptone
2% Glucose
2% Bacto Agar (for plates)
YPD + G418 YPD + 200 µg/ml G418
YPRaf 1% Yeast Extract
2% Peptone
2% Raffinose
YPRaf/Gal 1% Bacto Yeast Extract
2% Bacto Peptone
2% Raffinose
2% Galactose
GNA 1% Bacto Yeast Extract
3% Nutrient Broth
5% Glucose
2% Bacto Agar (for plates) (2.5% for SGA analysis)
for SGA analysis 20mg/l Tetracyclin and
200 µg/ml G418 were added
Sporulation Media 2.5 % Bacto agar (washed 4 times with 1l H20)
1% potassium acetate
0.1% Bacto Yeast extract
0.05% glucose
for SGA analysis 20mg/l Tetracyclin,
200 µg/ml G418 and amino acids were added
5’FOA 0.67% Yeast Nitrogen Base
5% Ammonium Sulfate
2%glucose
0.05 g/l Uracil
1 g/l 5’Fluororotat
SD 0.67% Yeast Nitrogen Base
5% Ammonium Sulfate
2% Glucose
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2% Bacto Agar (for plates)
addition of required amino acid(s) if necessary
SC (CSM) 0.67% Yeast Nitrogen Base (0.17% for SGA analysis)
5% Ammonium Sulfate
2% Glucose
2% Bacto Agar for plates (2.5% for SGA analysis)
CSM powder according to the manufacture’s instruction
for plates used in SGA analysis 20 mg/l Tetracyclin were added
(for haploid selection plates in addition: 50 mg/l canavanine)
MSG (used in SGA analysis) 0.17% Yeast Nitrogen Base (w/o ammonium sulfate)
0.1% Mono Sodium Glutamate
2.5 % Bacto Agar
2% Glucose
amino acid mix (w/o arg, his) for selection of kanR;
amino acid mix (w/o arg, his, ura) for selection of double mutants
50 mg/l canavanine
20 mg/l Tetracyclin
350 µg/ml G418 (for selection of gene deletion)
Final concentration of selected components:
Adenine Sulfate 0.02 g/l
Uracil 0.02 g/l
Leucine 0.03 g/l
Histidine 0.02 g/l
Methionine 0.02 g/l
Tryptophane 0.02 g/l
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5.1.5 Frequently used buffers and solutions
10x Running buffer (SDS-PAGE) 250 mM Tris Base pH 8.8
1.9 M Glycine
1% SDS
10x TBS 200 mM Tris-HCl
1.5 M NaCl
1x PBS 10 mM Na-Phosphate pH 7.4
150 mM NaCl
1x TAE 40 mM Tris-Acetate
1 mM EDTA
5x Sample Buffer (SDS-PAGE) 50% Glycerol
10% SDS
312.5 mM Tris-HCl pH 6.8
0.25 mM DTT
Bromphenolblue
6x Sample Buffer (agarose gels) 50% Glycerol
1 mM EDTA
0.25% Bromphenolblue
0.25% Xylencyanol
Blocking Buffer 5% milk (fat free) in TBST (0.1%)
Blotting Buffer (Western Blot) 1x running buffer (SDS-PAGE)
20% methanol
Ponceau S Staining Solution 0.1% Ponceau S
5% Acetic Acid
TBST (0.1% or 0.3%) 1xTBS with 0.1% Tween 20 or 0.3% Tween 20
TE 10 mM Tris-HCl pH 8.0
1 mM EDTA pH 8.0
5.1.6 E.coli strains
strain Genotype
DH5α F’Φ80 LacZΔM15 Δ(lacZY A-argF) U169 deoR recA1 endA1 hsdR17
(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 λ- 
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5.1.7 Yeast strains
Strain MAT
Genotype    Source
CSY209
(=BY4741)
     a his3∆1, leu2∆0, met15∆0,ura3∆0 Euroscarf
deletion
library
     a his3∆1, leu2∆0, met15∆0,ura3∆0, orf∆::KanMX4 Euroscarf
CSY544      α  ura3∆0, his3∆0, leu2∆0, lys2∆0, can1∆::PMFa1-HIS3-
PMFa-LEU2, PIK1::pik1-101-URA3
this study
CSY549      α ura3∆0, his3∆0, leu2∆0, lys2∆0, can1∆::PMFa1-HIS3-
PMFa-LEU2, PIK1-URA3
this study
CSY550      a his3∆1, leu2∆0, met15∆0,ura3∆0,BET3-TAP BioCat GmbH
CSY551      a his3∆1, leu2∆0, met15∆0,ura3∆0,YEL048C-TAP BioCat GmbH
CSY552      α his3∆1,leu2∆0,lys2∆0, ura3∆0, YEL048C::kanMX4 Euroscarf
CSY555      α bet3-2, ura3-52, leu2-3,112 this study
CSY712      α pik1-101, ura3-52, leu2-3,112 C.Walch-
Solimena
NY28      α  ura3-52, sec4-8 P. Novick lab
NY1211      α GAL+, ura3-52, leu2-3,112, his3∆200 P. Novick lab
NY1295      a sec6-4, ura3-52, leu2-3,112 P. Novick lab
5.1.8 Plasmids
construct vector insert enzymes
pMB108 pBluescriptIIKS+ PIK1±500bp BamHI/NotI
pMB196 pT3T7BM PIK1±500bp BamHI/NotI
pMB197 PT3T7BM pik1-101±500bp BamHI/NotI
pMB265 pBluescriptIIKS+ URA3+500bp downstream region of PIK1 HindIII/NotI
pMG2 pT3T7BM 500bp PIK1 upstream region,
 pik1-101, 178bp PIK1 downstream region,
URA3, 500 bp PIK1 downstream region
BamHI/NotI
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pMG3 pT3T7BM 500bp PIK1 upstream region,
 PIK1, 178bp  PIK1 downstream region,
URA3, 500 bp PIK1 downstream region
BamHI/NotI
TPQ55 pRS416 GALs-Fus1-Mid2-GFP XbaI/BamHI
TPQ99 pRS416 GALs-GAP1(K9RK16R)-GFP XbaI/BamHI
pJMG118 pRS416 GFP-Snc1p -
pJMG122 pRS416 GFP-Snc1p-pem -
• pMB108, pMB196, pMB197 plasmids were created by Mike Beck,
Biotechnologisches Zentrum, TU Dresden
• all TBQ plasmids were provided by Tomasz Proszynski, MPI-CBG Dresden
• pJMG118 and pJMG122 were a gift from Matthias Peter, ETH Zuerich
5.2 Methods
5.2.1 Construction of yeast strains for SGA analysis
CSY544 was generated in several steps. First pMB108 was constructed by
cloning a fragment containing the PIK1 ORF+/- 500 bp into the BLUESCRIPT II (KS+)
vector digested with BamHI and NotI. pMB196 and pMB197 were cloned by insertion of
the PIK1 ORF +/- 500 bp or the pik1-101 mutant ORF +/- 500 bp respectively into
pT3T7BM digested with BamHI and NotI (pMB108, pMB196 and pMB197 were cloned
by Mike Beck). A 3.7-kb fragment containing the PIK1 open reading frame (ORF) and
500 bp upstream sequence was removed from pMB108 by first digesting with BspEI,
blunting with Klenow fragment and afterwards digesting with HindIII leaving a 3.3-kb
fragment of pMB108 contaning the 500 bp downstream sequence of the PIK1 open
reading frame. This fragment was ligated to a 1.1-kb fragment containing the URA3 ORF
isolated from Yep24 by digestion with SmaI and HindIII generating pMB265. A 1.5-kb
fragment containing the URA3 ORF and the 500 bp PIK1 downstream sequence was
isolated from pMB265 by digesting with HindIII, blunting with Klenow-fragment and
digesting with NotI. This 1.5-kb fragment was inserted into pMB197 previously digested
with PacI, blunted with Klenow polymerase and then cut with NotI. The resulting
construct pMG2 was digested with BamHI and NotI generating a fragment containing
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500 bp PIK1 upstream sequence, the pik1-101 open reading frame, 178 bp PIK1
downstream sequence containing the PIK1 terminator region, the URA3 ORF and 500 bp
PIK1 downstream sequence. This fragment was transformed into Y3656. Transformants
were selected for growth on SC-URA medium (integration of URA3 ORF) and tested for
temperature-sensitive growth on YPD at 37°C (pik1-101 mutation). Correct integration of
the fragment was verified by PCR using isolated genomic DNA from positive
transformants as the template. CSY549 was generated as described for CSY544, with the
difference that the 1.5-kb fragment isolated from pMB265 was inserted into pMB196
instead of pMB197 generating pMG3.
5.2.2 SGA analysis of PIK1
Synthetic genetic array analysis (SGA) was essentially performed as described
previously (Tong et al., 2001), using a Beckman Biomek FX robot. The MATα query
strain carried the pik1-101 mutation linked to a URA3 selectable marker. It also contained
an MFA1pr-HIS3 reporter. The query strain was crossed to the complete set of
approximately 4800 viable knockout strains of the yeast deletion library (EUROSCARF
collection: European Saccaromyces cerevisiae Archives for Functional analysis,
fvhttp://web.unifrankfurt.de/fb15/mikro/euroscarf/index.html), each carrying a gene
deletion linked to a kanamycin resistance marker (kanMX). Resultant diploids were
selected on SC-ura-lys drop out medium for 2 days and subsequently transferred to GNA
medium and grown overnight. The next day, diploids were pinned on sporulation plates
and sporulated for 2 weeks at 22°C. Haploid Mata cells were selected in two rounds on
SC-his-arg+CAN medium (first round: growth for two days; second round: growth
overnight) and then transferred to MSG-his-arg+CAN+G418 medium to select for the
presence of the kanMX marker. Cells were incubated for 2 days. Haploid double mutants
were finally selected on MSG-his-arg-ura+CAN+G418 medium. Growth was at 25°C at
all steps apart from sporulation. A second round of SGA analysis was performed in
parallel under the same conditions, using a query strain, which carried the PIK1 wild-type
allele linked to a URA3 selectable marker.  This second SGA analysis served as point of
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reference during the analysis of the double mutant arrays. The growth behaviour of
haploid double mutants was analysed visually. The synthetic growth defect of a subgroup
of deletion mutants with pik1-101 was confirmed by tetrad analysis.
5.2.3 Tetrad analysis
MATa and MATα strains, carrying dominant selectable markers, were crossed on
YPD medium and grown overnight at 25°C. Next day, crosses were replicated on diploid
selection medium and grown for two days at 25°C. Dipolids were patched on sporulation
plates and incubated for up to 10 days at 21°C. For tetrad dissection asci from sporulation
plates were resuspended in 50 µl tetrad-buffer (1M Sorbitol, 50mM Tris pH 7.5, 50µg/ml
zymolase) and incubated for 10-15 min at 30°C to digest the ascus walls. The suspension
was then streaked out in a line on a YPD plate and each tetrad was micromanipulated
using the Singer MSM system to give four isolated spores. Spores were incubated at
25°C until colonies were visible. The genotype of resulting haploids was determined by
testing for temperature sensitivity and/or the ability to grow on selection media.
5.2.4 Invertase assay
50 ml cultures were grown overnight in YPD at 25°C. All subsequent steps were
performed in duplicates. 1 ODu of cells was transferred to two 14x100 mm glass tubes (1
x “induced” and 1x “uninduced”) and pelleted for 2 min at 2000 rpm by centrifugation.
The supernatant was discarded. The “uninduced” samples were washed once with 10mM
NaN3. Afterwards cells were resuspended in 1ml of 10 mM NaN3 and stored on ice. The
“induced” samples were resuspended in 1 ml of YP+0.1% glucose medium and incubated
for 2 hours at 37°C. Afterwards, cells were centrifuged at 2000 rpm for 2 min and pellets
were taken up in 1 ml of 10mM NaN3 and also stored on ice. In order to prepare
“internal” samples, 0.5 ml of cells were removed from the induced and uninduced
samples and 0.5 ml of 2x spheroplast cocktail (2.8 M sorbitol, 0.1M Tris-HCl pH 7.5, 10
mM NaN3, 4µ l/ml β-ME and 0.1mg/ml Zymolase) was added. The mixture was
incubated for 45 min at 37°C and afterwards spun for 5 min at 3000 rpm. The supernatant
was removed and spheroplasts were lysed in 0.5 ml 0.5% Triton TX-100. The residual
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cell suspension in NaN3 served as external sample. 20 µl of the “internal induced”,
“internal uninduced”, “external induced” and “external uninduced” samples were
transferred to fresh, cooled 10x70 mm glass tubes (VWR international ordering number
2121502). The subsequent steps were performed on ice. 80µl of  50 mMNaOAc pH 5.1
and 25µl of 0.5 M sucrose were added to the samples and to a “no sample blank”. The
mixture was incubated for 30 min at 37°C. For a standard curve, 1 mg/ml glucose was
diluted in 50 mM NaOAc to 2µg, 5µg, 10µg, 15µg and 20µg. After the 30 min incubation
of the samples, 150µl of 0.2M K2HPO4 were added to samples and standards. And
samples were cooled down and then boiled for 3 min at 95°C. Afterwards samples and
standards were again placed on ice. 1ml of assay mix was added to samples and standards
and the reactions were incubated for 30 min at 37°C. Subsequently 1ml of 6N HCl was
added and the OD540 was read against zero. In order to normalize the values to cell
density, the external induced and external uninduced samples were diluted 1:10 in NaN3
and the OD600 was measured. The percentage of invertase secretion was calculated using
the following formulas:
€ 
µMol glucose
min⋅OD ⋅ ml
=
OD540
standard factor ⋅ 30 min ⋅ 0.02 ml⋅OD600
MW of glucose = 180.16g/mol
1µg glucose = 5.55 10-3 µmol
€ 
% secretion = Exinduced − Exuninduced
Exinduced − Exuninduced( ) + Intinduced − Intuninduced( )
5.2.5 Gap1*p-transport assay
Yeast strains transformed with TPQ99 were grown overnight at 25°C in YP
medium containing 2% raffinose. Next day, cells were transferred to YP medium
containing 2% raffinose and 2% galactose and expression of the marker was induced for
3 hours at 25°C. Cells were harvested, resuspended in 500µl residual medium and
visualized on an Olympus AX70 fluorescence microscope.
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5.2.6 CPY overlay assay
Cells were grown overnight in 5ml YPD medium. 2 ODu were taken off and
centrifuged down. Pellets were resuspended in 1ml YPD medium and 3µl of each culture
were spotted on the surface of a YPD plate. Plate was incubated for 3 hours at 30°C. A
wet, round nitrocellulose filter was laid on top of the cells and the plate was incubated for
another 24 hours at 30°C. The filter was lifted from the plate and cells were carefully
washed off with water. The membrane was incubated for 1 hour in blocking buffer (5%
milk powder in TBST) and further processed like a Western Blot. Secreted CPY was
detected with an α-CPY antibody at a dilution of 1:1000.
In order to exclude false positive signals due to cell lysis during the procedure, the
experiment was repeated in the same way, using an α-ADH antibody at a dilution of
1:8000.
5.2.7 Calcofluor white staining
50ml cultures were grown overnight in YPD to exponential phase. 25ml of each
culture were mixed with 2.5ml of 37% formaldehyde (3.7% final of formaldehyde).
Samples were incubated for 30min at room temperature on a rotating wheel (fixation).
Afterwards, cells were pelleted by centrifugation for 5 min at 3000 rpm. Pellets were
taken up in 1ml of 1mg/ml calcofluor white solution and incubated for 5 min at room
temperature. Cells were washed 3 times with 1ml H2O each and subsequently analyzed in
UV light under a fluorescence microscope.
5.2.8 Snc1p recycling assay
Yeast cells transformed with plasmid pJMG118 or pJMG122 were grown at 25°C
to early log-phase in CSM-ura medium. Cells were harvested, resuspended in 500µl
residual medium and visualized on an Olympus AX70 fluorescence microscope.  For
Western blotting early log-phase cells transformed with pJMG118 were subjected to post-
alkaline extraction as described previously (Kushnirov, 2000) and10µl supernatant was
loaded on a 12% SDS gel. Standard procedures were used for immunoblotting. For
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detection of GFP-Snc1p a monoclonal antibody against GFP was used in a dilution of
1:1000.
5.2.9 Tandem affinity purification (TAP)
Six litres of YPD medium were inoculated with either CSY550 or CSY551 and
grown overnight at 25°C to an OD600 of 1.5 to 2. Cells were spun down for 15 min at
5000xg. Pellets were pooled and washed using 1 litre buffer E (20mM HEPES,
pH7;150mM NaCl; 10% Glycerol) and pelleted again by centrifugation for 15min at
5000 x g. The resulting pellet was resuspended in 100ml bufferE+protease inhibitors
(Buffer E plus two Complete-protease-inhibitor-cocktail tablets (Roche)/100ml and 1mM
PMSF) and lysed in a bead beater by beating 12 times for 15 sec with 2 min intervals.
The Lysate was transferred to centrifuge tubes and centrifuged for 35 min at 35000 rpm.
The supernatant was taken off and Tween-20 was added to a final concentration of
0.05%. The lysate was then incubated with 1.6ml/100 ml IgG sepharose for two hours at
4°C on a rotating wheel. Subsequently, the lysate-sepharose-mix was filled to a Econo-
Pac coloumn (Bio Rad) and the column was washed with 300 ml buffer E+0.05% Tween-
20. Afterwards the column was washed with 300 ml TEV cleavage buffer (10mM
HEPES, pH 7; 150mM NaCl; 0.5mM EDTA; 1mM DTT; 0.05% Tween-20). The column
was then incubated overnight with 4 ml TEV cleavage buffer and 20µl TEV protease at
4°C on a rotating wheel. The next day the TEV cleaved IgG sepharose columns were
eluted into tubes containing 750µl calmodulin resin (washed with 20ml calmodulin
binding buffer) in 14 ml calmodulin binding buffer (10mM β-ME; 10mM HEPES, pH 7;
150mM NaCl; 1mM Mg(CH3COO)2; 1mM Imidazol; 2mMCaCl2,; 10% Glycerol; 0.05%
Tween-20) plus 18µl CaCl2. The eluate and calmodulin resin were incubated on a rotating
wheel for 1 hour at 4°C.  Subsequently, the eluate-calmodulin mixture was filled onto a
Poly-prep column (Bio Rad) and washed with 160 ml calmodulin binding buffer. The
column was eluted using 2 ml calmodulin elution buffer (10mM β-ME; 10mM HEPES,
pH7; 150mM NaCl; 1mM Mg(CH3COO)2; 1mM Imidazole; 2mM EGTA; 10% Glycerol;
0.05% Tween-20). Proteins in the eluate were precipitated by chloroform/methanol
precipitation as described by Wessel and Fluegge (Wessel and Flugge, 1984). The pellet
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was taken up in 80µl 1x SDS sample buffer and subjected to SDS-PAGE (4-16% gradient
gel). The gel was stained with coomassie brilliant blue and protein bands were analyzed
by LC MS/MS on a LTQ linear ion trap instrument (TermoFinnigan)  (Schwartz et al.,
2002).
5.2.10 Methods used for the visual screen
5.2.10.1 Transfer of yeast cells
The yeast deletion library is organized in 96-well plates. A 96-floating pin
replicator (pins were 23 mm long and 1.58 mm in diameter; V&P Scientific) was used for
transferring cells. In order to transfer more cells we also constructed a 96-fixed pin
replicator (pins were 16 mm long and 4 mm in diameter). The replicators were sterilized
by incubating 2 times for 1 min in H2O, 1 min in bleach (10% sodium hypochlorite) and
another 2 times in H2O. Afterwards the replicators were transferred to ethanol and three
times flame sterilized.
5.2.10.2 Transformation of yeast cells in 96 well plates
For transformation the strains of the yeast deletion library were pinned onto solid
YPD plates (omnitrays; NUNC) and grown for three days at 24°C. Sterile 96-well plates
were filled with transformation solution (100µl/well; 30µg salmon sperm DNA /well
(Stratagene), 3µg of TPQ55 or TPQ99/well in 40% PEG, 1mM EDTA, 10 mM Tris-HCl
(pH7.5), 100mM lithium acetate) and yeast cells were mixed into the solution using the
fixed pin replicator. Plates were incubated overnight at room temperature. Next day, the
plates were wrapped in Parafilm and incubated in a water bath for 15 minutes at 42°C.
Plates were incubated for 1 hour at room temperature and subsequently the
transformation solution was removed. Using the fixed pin replicator transformed cells
were transferred to omnitrays containing SC-Ura medium. Cells were grown for four
days at 24°C and then transferred to fresh SC-Ura plates for a second round of selection
(growth for 4 days at 24°C).
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5.2.10.3 Growth and induction of cells for microscopy
Transformed cells were then transferred to 96-well plates containing 100µl/well
YP-Medium+2% raffinose (YPRaf) and grown overnight at 24°C. For induction of
marker expression, the YPRaf medium was removed and replaced by 100µl/well YPRaf
containing 2% galactose. Plates were incubated for 4 hours at 24°C and cells were
processed for microscopy. Alternatively, cells were grown overnight in SC-Ura medium
containing 2% raffinose (100µ l/well). Marker expression was then induced by
exchanging the medium with SC-Ura medium containing 2% raffinose and 2% galactose
(100µl/well).
5.2.10.4 Live cell imaging
For microscopy 2µl of cells were collected from the bottom of the well and
transferred to a microscopy slide. Cells were visualized on an Olympus BX61
fluorescence microscope.
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7. Abbreviations
bp base pairs
ER endoplasmic reticulum
ESCRT endosomal complex required for transport
DAG diacylglycerol
DRM detergent resistant membrane
GDP guanosine diphosphate
GEF guanine nucleotide exchange factor
GFP green fluorescent protein
GMP guanosine monophosphate
HDSV high density secretory vesicle
IP3 inositoltriphosphate
LDSV low density secretory vesicle
MPR mannose phosphate receptor
MVB multi vesicular body
OD(u) optical density (units)
ORF open reading frame
PC phosphatidylcholine
PE phosphatidylethanolamine
PH domain pleckstrin homology domain
PI phosphatidylinositol
PI(3)P phosphatidylinositol 3-phosphate
PI(4)P phosphatidylinositol 4-phosphate
PI(5)P phosphatidylinositol 5-phosphate
PI(3,4)P2 phosphatidylinositol (3,4)-bisphosphate
PI(3,5)P2 phosphatidylinositol (3,5)-bisphosphate
PI(4,5)P2 phosphatidylinositol (4,5)-bisphosphate
PI(3,4,5,)P3 phosphatidylinositol (3,4,5)-triphosphate
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PS phosphatidylserine
PX domain phox domain
SC synthetic complete
SGA analysis synthetic genetic array analysis
SEDL spondyloepiphyseal dysplasia tarda
TAP tandem affinity purification
TGN trans golgi network
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8. Appendix
Table2- Genes showing synthetic sick/lethal interaction with pik1-101
ORFa geneb functionc    
VPS1 YKR001C membrane trafficking confirmedd SLe
VPS9 YML097C membrane trafficking confirmed SS
RIC1 YLR039C membrane trafficking confirmed SS/SL
YPT6 YLR261C membrane trafficking confirmed SS
VPS51 YKR020W membrane trafficking confirmed SL
VPS54 YDR027C membrane trafficking confirmed SL
GGA2 YHR108W membrane trafficking confirmed SS
YPT31 YER031C membrane trafficking confirmed SL
SAC6 YDR129C cytoskeleton organization confirmed SS/SL
CLA4 YNL298W cytoskeleton organization confirmed SS
RRD1 YIL153W cytoskeleton organization not confirmed SS
CIK1 YMR198W cytoskeleton organization not confirmed SS
PFD1 YGL179W cytoskeleton organization not confirmed SS
URM1 YIL008W urmylation confirmed SS
UBA4f YHR111W urmylation confirmed SS
NCS2 YNL119W urmylation confirmed SS
ELP2 YGR200C urmylation confirmed SS
YNL120C YNL120C urmylationg confirmed SS
LIP5 YOR196C lipid metabolism not confirmed SS
SPE1 YKL184W lipid metabolism not confirmed SS
POR1 YNL055C mitochondrial function not confirmed SS
ODC1 YPL134C mitochondrial function not confirmed SS
OCT1 YKL134C mitochondrial function not confirmed SS
MRP10 YDL045W-A mitochondrial function not confirmed SS
MRP20 YDR405W mitochondrial function not confirmed SS
MRPL10 YNL284C mitochondrial function not confirmed SS
MRPL38 YKL170W mitochondrial function not confirmed SS
ATP11 YNL315C mitochondrial function not confirmed SS
ATP12 YJL180C mitochondrial function not confirmed SS
MTF1 YMR228W mitochondrial function not confirmed SS
SWF5 YOR333C mitochondrial function not confirmed SS
ASC1 YMR116C ribosomal protein not confirmed SS
RPS11A YDR025W ribosomal protein not confirmed SS
RPS16B YDL083C ribosomal protein not confirmed SS
RPL12A YEL054C ribosomal protein not confirmed SS
RPL19A YBR084C-A ribosomal protein not confirmed SS
RPL24A YGL031C ribosomal protein not confirmed SS
RPL40A YIL148W ribosomal protein not confirmed SS
RPL1B YGL135W ribosomal protein not confirmed SS
RPL29 YFR032C-A ribosomal protein not confirmed SS
VMA2 YBR127C vacuolar H+-ATPase subunit not confirmed SS
VMA7 YGR020C vacuolar H+-ATPase subunit not confirmed SS
VMA13 YPR036W vacuolar H+-ATPase subunit confirmed SL
VPH2 YKL119C vacuolar H+-ATPase assemly protein not confirmed SS
YOL138C YOL138C carbohydrate metabolism not confirmed SS
TPS1 YBR126C carbohydrate metabolism not confirmed SS
PFK1 YGR240C carbohydrate metabolism not confirmed SS
GID8 YMR135C carbohydrate metabolism not confirmed SS
LPD1 YFL018C carbohydrate metabolism not confirmed SS
PKR1 YMR123W unknown confirmed SS
SOV1 YMR066W unknown not confirmed SS
MEH1 YKR007W unknown not confirmed SS
PSP2 YML017W unknown not confirmed SS
FYV1 YDR024W unknown not confirmed SS
YEL048C YEL048C unknown confirmed SS
YMR010W YMR010W unknown confirmed SS
YMR119W-A YMR119W-A unknown not confirmed SS
YNL296W YNL296W unknown not confirmed SS
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YNL235C YNL235C unknown not confirmed SS
YOR318C YOR318C unknown not confirmed SS
YHL005C YHL005C unknown not confirmed SS
YFL006W YFL006W unknown not confirmed SS
YKL118W YKL118W unknown not confirmed SS
GDA1 YEL042W otherh confirmed SS
SMI1 YGR229C other confirmed SS
LYP1 YNL268W other not confirmed SS
DEG1 YFL001W other not confirmed SS
SWI4 YER111C other not confirmed SS
CNB1 YKL190W other not confirmed SS
LSM1 YGL124C other not confirmed SS
TRM9 YML014W other not confirmed SS
LSM7 YNL147W other not confirmed SS
SRP40 YKR092C other not confirmed SS
SLX8 YER116C other not confirmed SS
SMF1 YOL122C other not confirmed SS
TIP41 YPR040W other not confirmed SS
CNE1 YAL058W other not confirmed SS
DFG16 YOR030W other not confirmed SS
HAT2 YEL056W other not confirmed SS
SRB8 YCR081W other not confirmed SS
URA1 YKL216W other not confirmed SS
ZRT3 YKL175W other not confirmed SS
ALR2 YFL050C other not confirmed SS
SGF73 YGL066W other not confirmed SS
RIM9 YMR063W other not confirmed SS
MSC1 YML128C other not confirmed SS
         
This table shows all genes isolated by SGA analysis whose deletion results in sickness or lethality of double mutants with pik1-101.
aSelected ORF name according to SGD (www.yeastgenome.org) annotation.
bSystematic gene name according to SGD (www.yeastgenome) annotation.
cThe functional grouping of genes is based on description in YPD (www.incyte.com)/SGD (www.yeastgenome.org) and/or published data.
dSelected genetic interactions were confirmed by tetrad analysis.
egrowth phenotype of double mutants: SL-synthetic lethal; SS-synthetic sick.
fUBA4 was not originally identified by SGA analysis but was found to exhibit synthetic sick interaction with pik1-101 in the further course
 of this study.
gYNL120C overlaps with NCS2.
hGene function annotated by YPD (www.incyte.com)/ SGD (www.yeastgenome.org) and/or published data does not fall into any of the
 above categories.
     Table 4 - Mutant phenotypes identified in the small scale pilot screen
       
deletion mutant ORFa
phenotypes Fus-Mid-GFP
markerb phenotypes Gap1-GFP markerc
ypt32_ YGL210W 1,2,4 1,2
ypt31_ YER031C 1,2
ypt7_ YML001W 3,1,4
ypt51_ YOR089C 3
arf1_ YDL192W 2,1,5 6
glo3_ YER122C 1,2 1
gda1_ YEL042W 1,2 1,5,2,4
kex2_ YNL238W 1 1,6
arf2_ YDL137W 1,2,5
gea1_ YJR031C 1
tlg2_ YOL018C 6
rud3_ YOR216C 1
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arl1_ YBR164C 3
kre11_ YGR166W 2,4
vps54_ YDR027C 3 1,4,6
vps52_ YDR484W 6,1,4
vps53_ YJL029C 1,2,4
vps51_ YKR020W 1
vps26_ YJL053W 1 1
snx42_ YDL113C 1
snx41_ YDR425W 1,2
snx4_ YJL036W 1,2,3
vps5_ YOR069W 1
grd19_ YOR357C 3,3,1
vps17_ YOR132W 3
cdc50_ YCR094W 3 1,6
ccz1_ YBR131W 1,3 1,6,4
vps15_ YBR097W 3 1,6
vps4_ YPR173C 3 6,1,4
vps45_ YGL095C 3 6
vps1_ YKR001C 3 1
vps38_ YLR360W 3 1
dnf1_ YER166W 1
sys1_ YJL004C 1
vps55_ YJR044C 1
vps13_ YLL040C 1
vps30_ YPL120W 6
pep7_ YDR323C 1,6
nhx1_ YDR456W 1,5,4
did2_ YKR035W-A 1,2
vph1_ YOR270C 1,2
doa4_ YDR069C 3
vps3_ YDR495C 3
vta1_ YLR181C 1,2
emp70_ YLR083C 1,2
vps34_ YLR240W 3
pep5_ YMR231W 3,1
mrl1_ YPR079W 1
vps27_ YNR006W 3,1
pep12_ YOR036W 3
bro1_ YPL084W 3
mon1_ YGL124C 1 1,6,4
mon2_ YNL297C 1 1
atg11_ YPR049C 1 6,2,4
atg21_ YPL100W 3
ccc1_ YLR220W 2
atg19_ YOL082W 1,2
snc1_ YAL030W 5 1
ent5_ YDR153C 1,2 1,6
aps3_ YJL024C 1,2
apm2_ YHL019C 1,2,4
gga1_ YDR358W 1,2
apm1_ YPL259C 3
apl5_ YPL195W 3
yop1_ YPR028W 1
vps20_ YMR077C 1,3 1
did4_ YKL002W 3 6
snf8_ YPL002C 3 1,6,4
snf7_ YLR025W 1
vps24_ YKL041W 3
srn2_ YLR119W 2,4
erv29_ YGR284C 1,2 1
emp24_ YGL200C 2,1 6,1,4
sec28_ YIL076W 1,2,4 6
cog7_ YGL005C 1,2,4 1,2,4
cog5_ YNL051W 1
erv46_ YAL042W 1
sft2_ YBL102W 1
erv14_ YGL054C 5,2,1,4
smi1_ YGR229C 1,4,2 5
yur1_ YJL139C 1,2 1
mnn10_ YDR245W 1,2 6
anp1_ YEL036C 3 1
hoc1_ YJR075W 3 1,6
kre2_ YDR483W 1,2,4 1,2
van1_ YML115C 6
mnn2_ YBR015C 6
ynd1_ YER005W 1
mnn5_ YJL186W 1,2,4
mnn1_ YER001W 1
och1_ YGL038C 1,2
ams1_ YGL156W 1
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mnn11_ YJL183W 3
gnt1_ YOR320C 2
sit1_ YEL065W 1 6
enb1_ YOL158C 1
pst2_ YDR032C 2,1
arn1_ YHL040C 1,2,4
lcb5_ YLR260W 1,2,4 6,1
ypl206c_ YPL206C 1 5
tgl3_ YMR313C 1,6
lpp1_ YDR503C 1
akr1_ YDR264C 1
tgl1_ YKL140W 2,4
spo14_ YKR031C 3,1
sur7_ YML052W 2
faa4_ YMR246W 1,2
gyp1_ YOR070C 2 1
cpd1_ YGR247W 2 1
prb1_ YEL060C 2 2,4
gsy1_ YFR015C 1 1,2,4
prm8_ YGL053W 2,4 1
sac1_ YKL212W 1,2 1
uba3_ YPR066W 1 5
pet309_ YLR067C 1,5,2 1
num1_ YDR150W 1 1,6
nem1_ YHR004C 3 5,4,1
ede1_ YBL047C 2,4,1 1
ast1_ YBL069W 1
arr4_ YDL100C 1
gef1_ YJR040W 1
spf1_ YEL031W 1,6,4
atg17_ YLR423C 1,6
kex1_ YGL203C 1,2,4
vrp1_ YLR337C 1
grh1_ YDR517W 1,2
pex29_ YDR479C 2,4
gip2_ YER054C 1
pig2 YIL045W 1,2,4
gsy2_ YLR258W 1
chs5_ YLR330W 1
end3_ YNL084C 1,4
pex15_ YOL044W 2
ykr089c_ YKR089C 1,2 1,6
ycp4_ YCR004C 2,4 1
tvp15_ YDR100W 1,2 1
ydr222w_ YDR222W 2,1 1
ygr206w_ YGR206W 3 1,2,4
ycr043c_ YCR043C 1,6
tvp18_ YMR071C 1
ycl005w_ YCL005W 6
rbs1_ YDL189W 1,2
ydl222c_ YDL222C 1,2
ygr130c_ YGR130C 1,2
ygl079w_ YGL079W 1
yll012w_ YLL012W 1
yol048c_ YOL048C 1,2,4
ypr090w_ YPR090W 1
ypr148c_ YPR148C 1
yol047c_ YOL047C 2
ypl166w_ YPL166W 1,2,4
yor322c_ YOR322C 2,1
ymr010w_ YMR010W 2
ymr031c_ YMR031C 1
ymr148w_ YMR148W 1
ymr163c_ YMR163C 1,2
ylr408c_ YLR408C 1,2,4
yml037c_ YML037C 1
ykl061w_ YKL061W 1,3
ylr072w_ YLR072W 1,2
yer071c_ YER071C 1,2
yel048c_ YEL048C 1,2
ybr042c_ YBR042C 1,4
ybr255w_ YBR255W 1,2
ymd8_ YML038C 1
pil1_ YGR086C 1
lsp1_ YPL004C 1
tvp23_ YDR084C 2,1
bsc2_ YDR275W 1
vab2_ YEL005C 2
scy1_ YGL083W 1,3
rpo41_ YFL036W 1,2 1
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dia4_ YHR011W 1 6,2
kre6_ YPR159W 1 6,2,4
boi2_ YER114C 6
apm3_ YBR288C 6
syn8_ YAL014C 6
emp47_ YFL048C 1,3
gyp6_ YJL044C 1
lap4_ YKL103C 2,4
dnm1_ YLL001W 2
mmm1_ YLL006W 2
mmm2_ YGL219C 1
ist1_ YNL265C 1
mdg1_ YNL173C 2,4
yor081c_ YOR081C 1
ste13_ YOR219C 1,2,4
bud7_ YOR299W 1
tat2_ YOL020W 1,2,4  
a for functional annotation see table 5
b phenotype classes: (1) accumulation of internal dots; (2) increase of vacuolar labeling; (3) no vacuolar labeling;
 (4) reduced plasma membrane labeling; (5) ER labeling
c phenoype classes: (1) accumulation of internal dots; (2) vacuolar labeling; (4) reduced plasma membrane labeling;
 (5) increased ER labeling; (6) no ER labeling
Table 4:  Table summarizes mutant phenotypes identified in the small scale pilot screen using Fus-Mid-
GFP and the Gap1*-GFP marker in several rounds of screening. This experiment was a joint effort of
Maike Gravert, Peggy Hsu, Christiane Walch-Solimena, Tomasz Proszynski and Robin Klemm.
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